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ABSTRACT 


The  vapor  phase  catalytic  reactions  of  3-pentanol 
on  a  sodium  hydroxide-treated  Alundum  catalyst  were  in¬ 
vestigated  in  a  Vycor  glass  fixed-bed  flow  reactor.  The 
effects  of  temperature  and  contact  time  on  the  product 
distribution  were  determined  at  an  average  pressure  of 
7  00  mm  Hg  over  the  following  ranges  of  operating  condi¬ 
tions  : 

Temperature:  350°C  to  452°C  at  a  constant  space  velocity 

-2 

of  1.578  x  10  (gm-mole  of  3-pentanol)/ 

(hr-gm  of  catalyst) 

-2  -1 

Space  Velocity:  1.103  x  10  to  3.862  x  10  (gm-mole 

of  3-pentanol) / (hr-gm  of  catalyst)  at  a 
constant  temperature  of  370°C. 

Two  parallel  reaction  steps  were  observed,  dehydrogenation 
and  dehydration  of  3-pentanol.  The  extent  of  other  side- 
reactions  was  found  to  be  negligible.  Thermal  decomposi¬ 
tion  of  the  3-pentanol  was  not  observed  at  temperatures 
up  to  474°C,  the  maximum  temperature  employed.  The  rates  of 
dehydrogenation  and  dehydration  at  370°C  obtained  from  a 
numerical  differentiation  of  the  experimental  integral 
kinetic  data  were  correlated  using  Langmuir-Hinshelwood 
mechanistic  rate  equations  derived  from  plausible  mechanisms 
based  upon  two  types  of  sites  without  interaction.  Analysis 
of  the  results  of  these  correlations  for  various  rate- 


•xbnoo  Pr  u  s  p  So  a9pr6:  p.'  wc.  lol  erf*  >  “  0  ' 


controlling  steps  indicated  that  dehydrogenation  and  dehydra¬ 
tion  occurred  separately  at  two  different  types  of  active 
sites,  and  each  reaction  involved  a  single  site  mechanism 
with  adsorption  of  3-pentanol  being  the  rate-controlling 
step.  This  finding  was  in  agreement  with  the  results  of  an 
independent  study  of  the  adsorption  characteristics  and 
surface  chemistry  of  3-pentanol  on  the  Alundum  catalyst. 
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1. 


INTRODUCTION 


In  studies  of  dehydrogenation  of  n-propanol  over 
solid  catalysts,  Vasudeva  (1,  2)  found  that  a  silica- 
alumina  when  treated  with  sodium  hydroxide  enhanced  its 
capability  for  dehydrogenating  n-propanol  to  diethyl 
ketone  and  suppressed  the  dehydrating  tendency.  His  work 
concentrated  on  clarifying  the  chemistry  and  reaction  se¬ 
quence  of  the  n-propanol  system.  Wanke  (3)  continued  this 
work  and  studied  the  kinetics  of  n-propanol  on  the  same  base- 
exchanged  silica-alumina  catalyst.  Because  of  the  visible 
thermal  reactions  and  catalytic  activity  of  stainless  steel, 
subsequent  work  on  n-propanol  was  carried  out  by  Imai  (4) 
who  investigated  the  extent  of  thermal  decomposition  and  the 
catalytic  effects  of  both  stainless  steel  and  pyrex  glass. 

Due  to  the  complexity  of  the  chemistry  and  multiple 
chemical  reactions  steps  involved,  the  kinetic  rate  data 
obtained  by  Wanke  (3)  were  not  sufficiently  accurate  for  a 
quantitative  analysis  of  the  n-propanol  system  kinetics  (5). 
To  improve  the  experimental  techniques,  it  was  considered 
that  a  simpler  kinetic  study  of  one  of  the  intermediate 
products  would  be  useful  and  would  help  to  throw  light  on 
the  multiple  reactions  steps  of  n-propanol  system  (5) .  One 
such  intermediate  product  found  in  the  dehydrogenation  of 
n-propanol  was  3-pentanol,  a  very  stable  secondary  alcohol. 
The  3-pentanol  was  chosen  for  the  present  investigation 
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because  the  information  obtained  from  the  dehydrogenation 
of  this  secondary  alcohol  on  the  base-treated  silica- 
alumina  catalyst,  could  provide  more  understanding  of  the 
ketone  synthesis  process. 

This  investigation  involved  the  measurement  of  more 
reliable  chemical  kinetic  data  and  the  correlation  of  these 
data  by  a  simple  kinetic  expression.  Attempts  were  made 
to  improve  the  material  balance  and  product  analysis  as 
well  as  to  conduct  the  experiments  under  such  conditions 
that  the  undesirable  side-reactions  could  be  eliminated  or 
minimized . 
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2 .  LITERATURE  SURVEY 

The  catalytic  dehydrogenation  of  primary  alcohols 
to  aldehydes  and  secondary  alcohols  to  ketones  are  well 
known  industrial  processes.  The  preparation  of  ketones 
by  dehydrogenation  of  secondary  alcohols  over  metals  and 
metal  oxides  catalysts  have  been  adequately  covered  by 
standard  references  on  catalysis.  The  books  of  Sabatier 
(6) ,  Bond  (9) ,  Goldstein  (10)  and  Berkman  (11)  present 
excellent  reviews  of  this  subject.  Extensive  works  have 
been  done  on  the  dehydrogenation  of  isopropanol  on  various 
catalysts  to  produce  acetone  (12  -  15)  and  the  dehydrogena¬ 
tion  of  sec-butyl  alcohol  to  methyl  ethyl  ketone  (16  -  18) . 

However,  very  few  studies  of  catalytic  reactions  of 
3-pentanol  on  silica-alumina  have  been  reported  in  the 
literature  (3,  19).  During  the  investigation  of  n-propanol 
dehydrogenation  on  alundum  catalyst  ,  Wanke  (3)  made  a  special 
run  using  pure  3-pentanol  as  feed  in  a  glass  reactor  operated 
at  462°C  and  space  velocity  of  0.72  gm  of  feed  per  gm-hr  of 
catalyst.  The  products  obtained  were  2-pentene,  methyl 
ethyl  ketone,  diethyl  ketone,  ethyl  isopropyl  ketone,  water, 
3-pentanol,  hydrogen,  carbon  monoxide  and  carbon  dioxide. 

The  diethyl  ketone  yield  of  this  run  was  75.3%  which  indica¬ 
ted  that  this  catalyst  was  suitable  for  dehydrogenation  of 
3-pentanol  to  produce  diethyl  ketone.  From  the  products 
obtained,  it  seemed  that  the  reactions  involved  dehydrogena¬ 
tion,  dehydration  and  decomposition. 
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2.1.  Alundum  as  a  Catalyst 

Alundum  is  the  commercial  name  of  one  type  of  im¬ 
pure  alumina  which  contains  approximately  21%  SiO^  and 
2%  other  metal  oxides  (see  Table  3.1.).  Alumina  can 
exist  in  seven  different  crystalline  structures  and  its 
catalytic  activity ,  to  a  certain  extent,  depends  on  which 
structure  is  present  (3).  In  general,  alumina  catalyzes 
reactions  such  as  polymerization,  isomerization,  cracking 
and  alkylation  of  hydrocarbons,  and  dehydration  of  alco¬ 
hols  (2).  The  catalytic  activity  of  alumina  is  usually 
attributed  to  "acid  sites"  on  the  surface  (20) . 

In  investigating  the  dehydrogenation  of  n-propanol, 
Vasudeva  (1,  2)  found  that  alumina  was  dehydrating,  con¬ 
verting  n-propanol  to  n-propyl  ether  and  water  at  low 
temperatures  and  to  propylene  and  water  at  higher  tempera¬ 
tures.  However,  when  the  alumina  was  treated  with  2N  NaOH 
solutions,  the  acid  sites  on  the  surface  were  largely  des¬ 
troyed  and  the  dehydrating  activity  was  suppressed.  The 
base-treated  alumina  then  became  a  dehydrogenation  catalyst. 

2.2.  Chemical  Reactions 

The  catalytic  dehydrogenation  of  primary  alcohols 
to  aldehydes  and  secondary  alcohols  to  ketones  are  well 
known  reactions.  Vasudeva  (2)  and  Wanke  (3)  present  a  good 
review  of  the  dehydrogenation  of  primary  alcohols.  The  de¬ 
hydrogenation  of  secondary  alcohols  to  ketones  is  more 
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readily  accomplished  than  primary  alcohols  (7) .  Since  the 
ketones  formed  are  more  stable  than  the  aldehydes  formed 
from  the  primary  alcohols,  a  higher  temperature  can  be  em¬ 
ployed  to  give  a  higher  ketone  yield. 

The  chemical  reactions  involved  in  the  catalytic  de¬ 
composition  of  alcohols  on  mostly  non-reducible  metallic 
oxides  are  mainly  dehydrogenation  and  dehydration  in  parallel 
(8).  These  parallel  reactions  did  occur  in  the  n-propanol 
alundum  system  (2,  3). 

2.2.1.  Dehydrogenation  and  Dehydration  of  Secondary 
Alcohols 

Ipatieff  (21)  was  one  of  the  first  to  study  the  cata¬ 
lytic  decomposition  of  alcohol.  He  passed  isopropyl  alcohol 
and  methyl  isobutyl  carbinol  respectively  through  an  iron 
tube  at  600°C,  and  the  alcohols  decomposed  chiefly  into 
ketones  and  hydrogen. 


ch3chohch3  ->  ch3coch3  +  h2 


(1) 


(CH3) 2CHCH2CHOHCH3  +  (CH3) 2CHCH2COCH3  +  h2 


(2) 


In  addition,  isopropyl  alcohol  was  converted  into 


propylene  and  water  by  passing  over  alumina  at  500°C  in  a 
copper  tube. 


ch3chohch3  -*  ch3ch  =  ch2  +  h2o 


(3) 


Hence,  he  concluded  that  catalytic  decomposition  of  secondary 


. 
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alcohols  would  proceed  in  either  or  both  directions  depend¬ 
ing  on  the  selectivity  of  the  catalyst  used.  Dehydrogenation 
converted  secondary  alcohols  to  the  corresponding  ketones 
and  hydrogen,  while  dehydration  produced  olefins  and  water. 

Extensive  investigations  (6 ,  10,  19,  22,  23)  of  the 
catalytic  decomposition  of  alohols  have  been  reported  since 
Ipatieff's  (21)  pioneering  work  was  published.  Because  of 
their  industrial  importance,  the  dehydrogenations  of  isopro¬ 
panol  and  sec-butyl  alcohol  to  produce  acetone  and  methyl 
ethyl  ketone  respectively  have  been  studied  by  many  workers 
(12-16,  18).  Rubinshtein  (50)  reported,  on  the  study  of  the 

CH3CH2CH (OH) CH3  +  CH3CH2COCH3  +  H2  (4) 

decomposition  of  isopropyl  alcohol  on  alumina-chromia  cata¬ 
lyst,  that  the  catalytic  selectivity  toward  dehydrogenation 
and  dehydration  of  isopropanol  depended  on  the  concentration 
of  Cr203,  increasing  dehydrogenation  with  an  increase' in 
Cr2C>3  concentration  in  the  catalyst.  Garcia  De  La  Banda  (13) 
studied  the  kinetics  and  mechanism  of  isopropyl  alcohol  de¬ 
hydrogenation  to  acetone  on  Cr2C>3  and  Zn0-Cr203  catalysts 
and  concluded  that  the  reaction  involved  dual-site  mechanism, 
with  isopropyl  alcohol,  acetone  and  hydrogen  being  adsorbed 
and  surface  reaction  being  the  rate  controlling  step.  Various 
catalysts  were  employed  for  the  dehydrogenation  of  isopropyl 
alcohol  to  acetone  and  hydrogen  by  many  investigators,  such 
as  nickel  catalysts  reduced  with  sodium  borohydride  by  Mears 
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(12) ,  reduced  copper  by  Kazuaki  Kawamoto  (14) ,  erbium 
oxide  by  Tolstopyatova  (15)  and  germanium  powders  by 
Frolov  (51), and  others. 

More  recently,  Wanke  (3)  reported  that  the  cata¬ 
lytic  decomposition  of  3-pentanol  over  NaOH-treated 
alundum  catalyst  involved  mainly  dehydrogenation  and  de¬ 
hydration  . 


CH3CH2CH (OH) CH2CH3 

->  CH3CH2COCH2CH3  +  H2 

(5) 

CH3CH2CH (OH)CH2CH3 

->  CH3CH  =  CHCH2CH3  +  H20 

(6) 

2.2.2.  Thermal  Decomposition 

Rice  (24)  reported  that  the  thermal  decomposition 
of  lower  aliphatic  alcohols  consisted  chiefly  of  the 
direct  separation  of  molecular  hydrogen  and  the  formation 
of  the  corresponding  aldehydes  or  ketones . 

ch3ch(oh)ch3  ->  ch3coch3  +  h2  (7) 

ch3ch2ch (oh) ch2ch3  +  ch3ch2coch2ch3  +  h2  (8) 

The  ketones  formed  from  dehydrogenation  could  under¬ 
go  further  decomposition  to  ketenes,  methane,  ethane  and 
ethylene  (25) . 

ch3coch3  ->  ch4  +  ch2  =  CO  (9) 

2CoHt;C0C„Hc  ->  2C~H  .  +  CO  +  C0Hc  +  CH0  =  CO  +  CH„  (10) 
2525  24  26  2  4 

C„HcC0CoHt.  ->  CH^CH  =  CO  +  C0H,  (11) 

2  5  2  5  3  2  6 

The  2-pentene  obtained  from  dehydration  could  also 


decompose  to  methane  and  butadiene  (26), 


n 


00 


CHCH 


CH_.CH  =  CHC0Hc  ■>  CH „  +  CHn 
j  2  b  4  2 


CH 


2 


(12) 


Reactions  (9),  (10),  (11)  and  (12)  are  overall  reactions 

which  consist  of  series  of  chain  reactions  involving  free 
radical  mechanisms. 

In  investigating  the  decomposition  of  n-propanol, 

Imai  (4)  reported  that  the  conversion  of  homogeneous 
thermal  reaction  was  0.865  mole  %  at  a  residence  time  of  28. 0 
sec.  and  a  temperature  of  463°C.  He  also  reported  that  pyrex 
glass  exhibited  negligible  catalytic  effect  while  316  stain¬ 
less  steel  had  catalytic  effect  on  the  decomposition  of  n- 
propanol  at  temperature  up  to  463°C.  From  his  results,  it 
is  expected  that  the  extent  of  thermal  decomposition  of  3- 
pentanol,  a  more  stable  secondary  alcohol,  would  be  negligible 
when  operating  at  temperature  under  400°C  in  a  glass  reactor. 


2.2.3.  Other  Reaction 

Vasudeva  (2)  indicated  that  the  diethyl  ketone  from  de¬ 


hydrogenation  would  react  further  to  yield  methyl  ethyl  ketone 
and  ethyl  isopropyl  ketone.  The  mechanism  of  this  reaction 


(13) 


probably  involved  an  aldol  type  condensation  of  the  ketone 
followed  by  an  alkyl  rearrangement  and  a  bond  cleavage. 

2.3.  Correlation  of  Data 

The  fitting  of  experimental  kinetic  data  to  suitable 
rate  expressions  is  described  in  most  standard  reaction 
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kinetics  references  (27,  29,  32).  Two  approaches,  empiri¬ 
cal  or  theoretical,  are  generally  employed  in  correlating 
the  kinetic  rate  data.  In  most  cases,  the  rate  data  cannot 
be  obtained  directly  by  experimental  measurement.  Normally, 
this  would  require  differentiation  of  the  integral  experi¬ 
mental  data  such  as  the  composition-time  curve.  The  method 
of  numerically  differentiating  the  rate  data  has  often  had 
a  direct  bearing  upon  the  success  obtained  with  the  correla¬ 
tion  . 


2.3.1.  Rate  Data  from  Numerical  Differentiation 
Methods 

Nevers  (34)  reported  a  detailed  study  on  rate  data 
and  derivatives  obtained  by  using  different  methods.  The 
most  commonly  used  methods  described  by  Nevers  (34)  are  as 
follows : 

(a)  Plot  the  data,  draw  a  smooth  curve  through  it, 
and  read  the  slopes  directly  from  the  curve.  This  method  is 
the  least  accurate  and  rarely  reproducible. 

(b)  Fit  the  entire  set  of  data  to  some  suitable  func¬ 
tion,  such  as  a  power  series,  and  then  differentiate  this 
function.  This  method  is  widely  used  because  of  the  conveni¬ 
ent  availability  of  computer  programs  for  fitting  such  power 
series  by  least  squares  fit. 

(c)  Fit  small  segments  of  the  data  to  a  fitting  func¬ 
tion  and  then  obtain  local  derivatives  by  differentiating  the 
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segmented  functions.  An  example  of  this  latter  method  is 
given  by  Whitaker  and  Pigford  (35) .  This  method  determines 
the  derivative  at  a  point  by  fitting  a  parabola  to  five 
consecutive  data  points  by  least  squares,  with  the  point  in 
question  as  the  midpoint.  The  calculated  derivative  at  any 
one  point  has  up  to  five  different  values,  one  for  the  fit 
where  it  is  the  midpoint,  one  for  the  fit  where  it  is  one 
point  lower,  etc.  The  five  values  of  derivative  at  each  in¬ 
dividual  point  are  then  averaged  using  equal  weighting  of 
each  derivative.  The  standard  error  of  the  first  derivative 
can  be  calculated  when  the  experimental  data  points  are 
equally  spaced. 

(d)  Differentiate  numerically  via  a  difference  table, 
plot  and  smooth  the  differences,  either  graphically  or  numeri¬ 
cally  . 

Nevers  (34)  concluded  that  the  first  derivatives  ob¬ 
tained  by  all  of  the  above  methods,  except  (a),  were  approxi¬ 
mately  equal,  with  method  (c)  giving  the  best  result.  He 
stated  that  no  method  could  yield  the  correct  derivative  in 
a  mathematical  sense.  The  method  of  Whitaker  and  Pigford 
(Method  c)  will  be  employed  to  calculate  the  reaction  rates 
in  this  work. 

2o3.2.  Correlation  of  Rate  Data  with  Empirical 
Equations 


The  use  of  an  empirical  equation  provides  the  easiest 
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way  to  correlate  the  rate  data.  The  rate  of  reaction 
normally  is  expressed  in  terms  of  a  simple  function,  such 
as  a  power  function,  of  the  concentration  or  conversion 
of  the  reactant  (3,  27).  This  kind  of  correlation  applies 
very  well  to  noncatalytic  reactions.  However,  in  the  case 
of  heterogeneous  catalytic  reactions,  the  validity  of  this 
sort  of  correlation  is  very  doubtful.  As  an  alternative, 
the  rate  of  catalytic  reaction  can  be  expressed  in  terms  of 
simple  power  form  of  the  partial  pressures  of  reactant  and 
products  as  described  by  Walas  (30).  The  former  method  will 
be  used  in  this  investigation  because  of  its  simplicity  and 
easy  handling  of  the  data. 

The  forms  of  the  equations  mentioned  above  will  be 
shown  in  the  following: 


k 

A 

-> 

B 

+  C 

-r  „ 

k 

C  a 

A 

A 

"rA 

= 

k 

a 

Pa 

or  kA(l-XA) a 


c 


The  empirical  approach  has  limited  applications  because 
it  is  not  usually  safe  to  extrapolate  beyond  the  range  of  ex¬ 
perimental  data.  The  other  disadvantage  is  that  no  insight 
into  the  mechanism  involved  in  the  reaction  steps  is  gained. 


2.3.3.  Correlation  of  Rate  Data  with  Mechanistic 
Equations 


This  approach  is  widely  used  in  correlating  catalytic 
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reaction  rate  data.  In  this  approach ,  the  rate  data  are 
fitted  to  a  model  describing  a  rational  mechanism  by  which 
the  reactions  occur.  The  most  commonly  used  approach  to 
describe  the  mechanism  was  developed  by  Hinshelwood  using 
Langmuir's  adsorption  theory  (29).  In  the  absence  of  rate 
controlling  diffusional  or  physical  steps,  the  mechanism  to 
be  considered  consists  of  three  chemical  steps. 

(a)  Adsorption  of  reactants  on  the  active  sites  on 
the  surface  of  catalyst. 

(b)  Surface  reaction  on  the  active  sites.  The  ad¬ 
sorbed  reactants  react,  either  by  themselves,  with  other 
adsorbed  species  on  the  neighbouring  sites  or  with  molecules 
in  the  gas  phase  adjacent  to  the  active  sites. 

(c)  Desorption  of  the  products  from  the  surface  of 
the  catalyst  to  the  gas  stream. 

In  describing  a  reaction  model  based  upon  such  chemi¬ 
cal  steps,  an  assumption  is  made  that  one  of  the  above  three 
steps  is  rate-controlling  and  the  diffusion  of  reactants  to 
the  catalyst  surface  and  diffusion  of  products  from  the  cata¬ 
lyst  surface  to  the  bulk  gas  phase  are  not  rate-controlling. 

A  systematic  application  of  this  approach  to  catalytic  reac¬ 
tion  has  been  made  by  Hougen  (32,  36) . 
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3.  EQUIPMENT  AND  OPERATION 


3.1.  Equipment 

The  equipment  used  in  the  study  of  dehydrogenation  of 
3-pentanol  consists  of  a  3-pentanol  feed  system,  vaporiza¬ 
tion  system,  the  reactor,  product-collection  system,  and 
temperature  control  and  recording  system.  Figure  3.1.  is 
a  schematic  layout  of  the  equipment  and  instrumentation  used. 
Figure  3.2.  shows  the  detail  of  the  reactor.  Each  system 
will  be  discussed  in  detail. 


3.1.1.  Feed  System 

The  feed  system  employed  a  syringe-type  micro-feeder . 
Liquid  3-pentanol  was  fed  by  a  50  c.c.  leak-proof  brass 
syringe  which  had  Teflon  O-ring  seals  and  a  uniform  diameter 
chrome  plated  piston.  The  piston  was  driven  by  a  synchronous 
motor  through  a  system  of  gears.  By  changing  the  transmission 
gears,  seven  piston  velocities  could  be  obtained 


Piston  Velocities 
(cm/hr) 


1.06 


1.59  2.12  3.18 


4.24  6.36 


8.47 


3-pentanol  Feed 

Rates  (gm/hr)  @  4.2842  6.4234  8.5626  12.8234  17.0843  25.5995  34.1147 

2  6 . 0°C 


Very  precise  and  constant  feed  rates  with  average  variations  of 
less  than  0.5%  (see  Appendix  I)  could  be  obtained.  The  calibra¬ 
tion  of  the  micro-feeder  is  given  in  Appendix  I. 


. 
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3.1.2.  Vaporization  System 

The  vaporizer  was  made  from  a  2  cm  O.D.  22  cm  long 
pyrex  glass  tubing.  At  the  inlet  was  a  1/8  in.  glass- 
metal  joint  which  was  connected  to  the  syringe  by  3/32  in. 
O.D.  stainless  steel  tubing.  The  outlet  of  the  vaporizer 
was  a  12/5  female  ball  joint  socket  which  was  coupled  to 
the  inlet  of  the  reactor.  A  3/32  in.  O.D.  iron-constantan 
thermocouple  which  measured  the  temperature  of  the  vapor, 
was  placed  inside  a  2  mm  I.D.  glass  thermocouple  well  loca¬ 
ted  near  the  outlet  of  the  vaporizer.  The  17  ohms  vapori¬ 
zer  heater  was  controlled  by  a  powerstat  power  supply.  The 
outside  of  the  vaporizer  was  covered  by  lh  cm.  thickness  of 
asbestos  insulation. 

3.1.30  The  Reactor 

The  reactor  was  fabricated  from  vycor  glass  which 
could  stand  thermal  shock  and  temperatures  up  to  800°C. 
Details  of  its  construction  and  dimensions  are  shown  in 
Figure  3.2.  The  reactor  consisted  of  an  outer  jacket  and 
an  inner  tube,  the  upper  part  of  which  served  as  a  container 
for  the  catalyst.  The  incoming  vapor  flowed  up  through  the 
outer  annulus,  which  acted  as  a  heat  exchanger,  and  down 
through  the  catalyst  bed.  The  volume  of  the  outlet  tube  of 
the  reactor  was  markedly  reduced  to  minimize  the  extent  of 
homogeneous  reactions.  The  outer  jacket  was  heated  by  a 


■ 
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Figure  3.2: 

Sketch  of  Cross-Section  of 
Reactor 


. 

1 
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45  ohms  heating  coil  whose  outside  surface  was  covered  by 
1  cm  thickness  of  asbestos  insulation.  The  power  supply 
was  controlled  by  a  115  volts  A.C.,  1500  watts  Thermolyne 
Stepless  Input  Control  (Model  CN-A8005  M) .  To  reduce 
further  heat  losses,  a  4  cm  I.D.  pyrex  glass  shell  coated 
with  reflecting  aluminium  foil  on  the  outside  surface  and 
insulated  with  1.5  cm  thickness  of  asbestos,  was  placed 
around  the  outer  jacket  of  the  reactor.  The  whole  system 
was  mounted  vertically.  Two  20  in.  long,  0.02  in.  O.D., 
stainless  steel-sheathed  ceramic-insulated  iron-constantan 
Xactpack  thermocouples  (purchased  from  Claud  S.  Gordon 
Company,  Cat.  No.  402-1101)  were  used  to  measure  the  gas 
and  catalyst  bed  temperatures.  One  of  these  thermocouples 
was  placed  inside  the  4.5  cm  long,  0.8  mm  I.D.,  1.5  mm  O.D., 
thermocouple  well  located  at  the  top  of  the  outer  jacket 
of  the  reactor.  This  thermocouple  was  used  to  measure  the 
temperature  of  the  gas  before  entering  the  catalyst  bed. 

The  other  thermocouple  was  placed  inside  the  7.5  cm  long, 

0.8  mm  I Q D .  and  1.5  mm  O.D.  thermocouple  well  located  at 
the  center  of  the  catalyst  bed.  This  thermocouple  was 
inserted  from  the  bottom  of  the  reactor  and  could  be  moved 
up  and  down  in  the  catalyst  bed  so  that  the  axial  tempera¬ 
ture  gradient  could  be  measured. 

Once  the  reactor  reached  steady-state  conditions 
(temperature  and  flow) ,  the  temperature  of  the  catalyst  bed 
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would  remain  constant  provided  that  the  room  temperature 
did  not  change.  However,  when  the  room  temperature  dropped 
more  than  3°C,  the  temperature  of  the  reactor  would  also 
drop  slightly  requiring  adjustment  of  the  setting  on  the 
Thermolyne  Stepless  Input  Control. 

3.1.4.  Temperature  Recording  System 

The  two  thermocouples  from  the  reactor  and  the  one 
from  the  vaporizer  were  connected  to  Honeywell  Electronik 
16  24-point  variable-range  variable-zero  multipoint  record¬ 
er.  The  zero  and  range  of  the  recorder  were  calibrated  and 
occasionally  checked  by  feeding  a  known  voltage  into  the 
recorder  from  a  potentiometer.  The  output  of  the  thermo¬ 
couple  in  the  catalyst  bed  was  also  connected  to  a  Leeds 
and  Northrup  Millivolt  Potentiometer  so  that  the  reaction 
temperatures  could  be  measured  precisely  during  experiment¬ 
al  runs.  Three  separate  cold  junctions  were  placed  in  an 
ice-water  bath  for  the  three  thermocouples. 

3.1c 5.  Product  Collection  System 

The  vapor  products  leaving  the  reactor  passed  through 
an  inverted  Y-shaped  pyrex  glass  valve  system  to  the  con¬ 
denser-sampler  immersed  in  an  ice-water  bath.  The  valve 
system  had  one  Teflon  stopcock  in  each  branch  of  the  Y  so 
that  they  could  be  either  opened  or  closed  simultaneously 
without  having  to  disturb  the  steady  state  condition  when 
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the  sample  was  taken.  Each  branch  was  connected  to  an 
identical  condenser-sampler  and  identical  gas  sampling 
tube.  This  enabled  the  system  to  maintain  equal  pres¬ 
sure  drops  before  or  during  sampling. 

To  prevent  condensation  of  the  vapor  product  in  the 
line  of  valve  system,  a  6  ft.  12  ohm  heating  tape  was 
wrapped  around  the  valve  system.  A  power  supply  of  approxi¬ 
mately  30  volts  was  required  to  maintain  a  temperature  of 
170°C . 

For  better  liquid  sample  collection,  thereby  improv¬ 
ing  the  material  balance,  an  integral  condenser-sampler  was 
used  to  collect  the  liquid  sample.  This  condenser-sampler 
was  constructed  of  pyrex  glass  as  a  single  unit  so  that  it 
could  easily  be  removed  from  the  rest  of  the  equipment  and 
weighed  without  having  to  transfer  the  liquid  sample. 

The  noncondensable  gases  from  the  cold  trap  passed 
through  a  manometer  which  measured  the  pressure  of  the  gas 
in  the  reaction  and  sample  collection  systems  (the  manometer 
was  disconnected  because  the  pressure  drops  across  the  reac¬ 
tion  and  sample  collection  systems  were  later  found  out  to  be 
negligible  during  some  trial  runs  at  extreme  flow  rates  and 
reaction  temperatures) .  Then  the  gas  products  passed  to  a 
75  c.c.  gas  sampling  tube  and  then  to  a  bubble  meter  or  to 
a  dry  test  meter  of  0.1  cu.ft.  capacity  per  revolution.  To 
improve  gas  analyses,  the  air  inside  the  gas  sampling  tube 
and  cold  trap  was  displaced  by  passing  through  helium  before 
sampling . 
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3.2s  Operation  of  Equipment 

A  detailed  discussion  of  the  preparation  of  equip¬ 
ment,  start-up,  sampling,  and  shut-down  phases  of  opera¬ 
tion  is  given  below. 

3.2.1.  Preparation  of  Equipment 

The  inner  concentric  tube  of  the  reactor  was  removed 
downward  vertically  from  the  outer  shell  by  releasing  the 
springs  which  held  the  inner  tube  to  the  outer  shell.  A 
new  charge  of  catalyst  was  placed  inside  this  tube  in  such 
a  way  that  a  3  cm  height  of  pyrex  glass  chips  of  the  same 
range  of  mesh  sizes  as  the  catalyst  was  on  top  and  a  variable 
height  of  glass  chips  was  placed  at  the  bottom  of  the  cata¬ 
lyst  bed.  The  inert  pyrex  glass  chips  were  used  to  minimize 
the  end  effects  arising  from  the  flow  pattern  and  temperature 
gradients.  The  top  of  the  upper  glass  bed  was  positioned 
in  line  with  the  top  of  the  thermocouple  well  so  that  the 
top  of  the  catalyst  bed  remained  at  the  same  position  and 
the  void  volume  ahead  of  the  catalyst  bed  remained  constant 
for  all  runs  irrespective  of  the  depth  of  catalyst  employed. 
This  set-up  enabled  more  consistent  experimental  results  to 
be  obtained  if  the  extent  of  homogeneous  reactions  occurring 
proved  to  be  significant.  Then  the  inner  tube  was  re-assembled 
in  the  outer  shell  of  the  reactor.  After  all  joints  were 
sealed  with  silicone  grease  and  secured,  the  equipment  was 
ready  for  an  experimental  run. 
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3.2.2.  Start-up 

Both  reactor  heater  and  vaporizer  heater  were 
turned  on  at  the  desired  temperatures,  the  settings 
depending  on  the  feed  rate.  The  temperature  recorder 
was  switched  on  roughly  15  minutes  later.  The  desired 
reactor  temperature  was  set  by  adjustment  of  the  step¬ 
less  input  control.  After  the  vaporizer  and  reactor 
temperatures  reached  approximately  150°C  and  200°C 
respectively,  the  micro-feeder  was  turned  on.  Liquid 
3-pentanol  feed  was  introduced  to  the  vaporizer  at  the 
slowest  flow  rate.  This  method  of  start-up  was  used  to 
reduce  the  time  required  to  reach  the  desired  reaction 
temperature.  During  this  time,  the  heating  tape  at  the 
exit  of  the  reactor  was  switched  on  and  the  cold  traps 
were  installed.  The  reaction  products  were  diverted 
to  one  side  of  the  sample  collection  system  by  opening 
and  closing  the  stopcocks  between  reactor  exit  and  cold 
traps.  Approximately  lh  to  3  hours  were  required  to 
achieve  a  steady  temperature  at  the  set  reaction  level. 

3.2.3.  Steady  State  Operation 

Any  new  charge  of  catalyst  required  steady-state 
conditioning  for  a  certain  period  of  time  to  stabilize 
its  activity.  The  required  duration  for  stabilization 
was  determined  by  experiments  as  given  in  Section  4.4. 
Once  the  catalyst  had  been  stabilized,  the  desired  feed 
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rate  was  set  by  changing  the  setting  of  transmission  gears 
of  the  micro-f eeder .  The  reaction  temperature  was  reset 
if  necessary.  A  steady-state  condition  was  regained  in 
approximately  20  minutes.  The  steady-state  operation  was 
defined  by  the  constancy  of  feed-rate,  vaporizer  and 
reaction  temperatures,  and  flow-rate  of  the  gas  product. 
During  this  period,  the  temperatures  of  the  vaporizer, 
reactor  top  and  catalyst  bed  were  continuously  recorded. 
The  temperature  of  the  catalyst  bed  was  periodically 
checked  by  using  the  potentiometer.  The  flow  rate  of  the 
gas  product  was  measured  with  a  stop-watch  and  a  bubble 
meter,  in  which  the  soap  solution  had  been  saturated  with 
the  gas  product.  In  the  meantime,  helium  was  being  intro¬ 
duced  to  the  sampling  device  for  about  10  minutes  to 
purge  the  air  inside.  When  all  of  the  above  variables 
were  constant,  sampling  began. 

3 „  2  0  4  .  Sampling 

The  flow  of  reaction  products  was  diverted  to  the 
other  branch  of  the  sampling  system  by  switching  the  two 
valves  simultaneously  and  the  time  was  recorded  by  a  stop¬ 
watch.  The  gaseous  product  rate  was  measured  by  another 
stop-watch  and  a  bubble  meter.  The  duration  of  sampling 
varied  from  10  to  20  minutes  depending  on  the  rate  of  pro¬ 
duct  generation.  After  sampling,  the  condenser-sampler 
was  sealed  with  stoppers  and  weighed  immediately. 
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3.2.5.  Shutdown 

The  liquid  feeder,  the  heaters  and  temperature 
recorder  were  shut  off  in  this  sequence.  Nitrogen  gas 
was  passed  through  the  vaporizer,  reactor  and  sampling 
system  to  purge  the  equipment. 

3.3.  Raw  Material 

3.3.1.  Alundum  Catalyst 

An  alundum  catalyst  support,  as  supplied  by  Norton 
Company  of  Canada  Ltd.,  was  used  in  preparing  the  catalyst. 
The  physical  and  chemical  properties  of  this  catalyst  are 
given  in  Table  3.1.  The  1/8"  x  1/8"  cylinders  of  alundum 
were  crushed  and  the  -10  +  20  mesh  fraction  was  immersed 
in  2N  sodium  hydroxide  solution  for  6  hours.  The  excess 
solution  was  filtered  off  and  the  solids  were  dried  at 
150°C  for  5  hours.  Of  these  treated  solids,  only  -16  + 

20  mesh  portion  was  used  in  the  present  study  (except  runs 
44  and  45  which  used  -20  +  30  mesh) .  All  charges  of  catalyst 
used  in  this  work  were  taken  from  this  single  batch  of 
treated  catalyst.  Each  charge  of  catalyst  was  subjected 
to  some  conditioning  which  will  be  described  in  Section 

4.4. 

3.3.2.  3-Pentanol 

Pure  3-pentanol  was  supplied  by  Aldrich  Chemical  Co. 
Inc.,  Milwaukee,  Wisconsin  (Cat.  No.  P802-5).  The  purity 


Table  3.1 


Properties  of  Catalyst 


Manufacturer : 

Norton  Company  of  Canada, 

Limited 

Manufacturer ' 

s  Designation 

:  LA-617 

Properties  as 

specified  by 

manufacturer : 

1.  Chemical 

(Typical)  Analysis: 

A12°3 

77.0% 

k2o  = 

0 . 2% 

Sl°2 

21.2% 

MgO 

0.2% 

*  Fe2°3  = 

0 . 2% 

CaO 

0 . 2% 

II 

o 

CM 

Eh 

0.5% 

Zr02  = 

- 

Na00 

0.5% 

*Note:  All  elements  are  reported  as  metal  oxides.  The 

actual  presence  of  the  metals  is  in  the  form  of 
complex  silicates  and/or  aluminates . 


Physical  Properties: 
Porosity 

Water  Ahsorption 

Bulk  Density 

App.  Sp.  Gravity 

Packing  Density 

Surface  Area 

**After  treated 
with  NaOH 

Max.  Service  Tempera¬ 
ture 

X-Ray  Analysis 


60-65% 

51-56% 

1.1-1. 2  gm/cc 
3. 0-3. 2  gm/cc 
46  lbs/cu.ft. 

60-70  sq.  meters/gm 

26  sq .  meters/gm 

700°C 

predominantly  y-alumina 
some  y-alumina  and  quartz 


**Note:  Measured  by  SORPTOMAT 
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was  indicated  to  be  higher  than  99.99%  by  gas  phase  chroma¬ 
tography  analysis  based  on  peak  area  percentage  using  a 
Di-n-decyl  phthalate-celite  column.  Only  trace  amounts  of 
unknown  compounds  were  detected  by  the  gas-phase  chroma¬ 
tography  analysis. 

The  physical  properties  of  3-pentanol  (37)  are  given 
as  follows: 

Molecular  weight  88.15 

Boiling  point  115. 5°C 

Density  @  25°C  0.8154  gm/cc 


3.3.3.  Pyrex  Glass  Packing 

Pyrex  glass  packing  was  provided  by  crushing  pyrex 
glass  tubing.  The  packing  was  washed  with  acetone,  aqueous 
HC1,  NaOH  solutions  and  water  and  then  dried  before  it  was 
used.  The  properties  of  Pyrex  glass  packing  are  given  below: 


Particle  size  range 

Density  (38) 

Thermal  conductivity  (38) 
@  25°C 

Mean  specific  heat  (38) 

2  5°C-17  5°C 

Composition  (38) 

Silica 
Boric  oxide 
Soda 
Alumina 


-16  +  20  mesh 
2.23  gm/cc 

0.0023  cal/ (sec) (sq . cm) 
(°C/cm) 

0.20  cal/(gm) (°C) 

80% 

14% 

4% 

2% 


>  C 


Cf  If  fU  £  0 


26  - 


3.4.  Analysis  of  Products 

The  components  of  liquid  and  gas  products  were 
separated  by  gas-liquid  chromatography  using  a  Beckman 
Model  G.C.4.  The  chromatogram  peak  areas  of  the  compo¬ 
nents  were  integrated  by  using  an  Aerograph  Model  471 
Digital  Integrator  manufactured  by  Infotronics  Corpora¬ 
tion.  The  following  is  a  description  of  the  type  of 
column  used  and  the  operating  conditions  under  which  the 
product  analysis  was  carried  out. 

3.4.1.  Liquid  Product 

Two  separate  columns,  one  for  separation  of  hydro¬ 
carbon  components  and  the  other  for  separation  of  water, 
were  used  to  analyze  the  liquid  product  sample. 

(a)  Column:  3/16  inch  diameter,  12  feet,  stain¬ 
less  steel  tubing  packed  with  30% 
Di-n-decyl  phthalate  on  celite 
(-30  +  60  mesh) .  The  Di-n-decyl 
phthalate  was  supplied  by  Eastman 
Chemical  Co.  (Cat.  No.  P6447).  The 
celite  was  obtained  from  Burrell 
Company . 

Column  temperature:  100°C 

Detector  temperature:  170°C 
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Detector  current:  200  ma 

Sample  size:  3  microliters 

Carrier  and  reference 

gas :  Helium 

Gas  flow  rate:  Carrier  side  50  c.c./min 

Reference  side  50  c.c./min 


The  components  separated  and  identified  by  reten¬ 
tion  times  under  the  above  conditions  were  2-pentene, 
methyl  ethyl  ketone,  n-propanol,  diethyl  ketone  and  3- 
pentanol.  All  components  except  methyl  ethyl  ketone  and 
n-propanol  were  also  identified  by  mass  spectroscopy. 

The  2-pentene  in  the  product  consisted  of  both  cis  and 
trans  isomers.  The  retention  times  of  the  components 
separated  under  the  above  conditions  are  given  in  Appendix 
IV. 


(b)  Column:  1/8  inch  diameter,  6  feet,  stainless 

steel  tubing  packed  with  Porapak 
Q(-100  +  120  mesh).  The  Porapak  Q 
was  purchased  from  Waters  Assoc.,  Inc., 
Framingham,  Mass. 

Column  temperature:  150°C 

Detector  temperature:  170°C 

Detector  current:  350  ma 


Sample  size: 

Carrier  and  reference 
gas  : 


2  microliters 


Helium 
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Gas  flow  rate:  Carrier  side  50  c.c./min 

Reference  side  50  c.c./min 

This  column  was  mainly  used  for  analysis  of  water. 
The  components  separated  under  above  conditions  were 
2-pente.ne,  water,  methyl  ethyl  ketone,  n-propanol,  diethyl 
ketone  and  3-pentanol.  The  separation  of  diethyl  ketone 
from  3-pentanol  in  this  column  was  very  poor. 

3.4.2.  Gas  Product 

Since  no  single  column  could  separate  all  gaseous 
products,  two  separate  columns  were  used. 

(a)  Column:  30%  Di-n-decyl  phthalate  on  celite 

(same  as  for  liquid  product) 


Column  temperature: 

55°C 

Detector 

temperature : 

16  0°C 

Detector 

current : 

200  mA 

Carrier 
gas  : 

and  reference 

Helium 

Gas  flow  rate:  Carrier  side  50  c.c./min 

Reference  side  50  c.c./min 

Components  separated  were  ethylene  and  2-pentene. 

(b)  Column:  1/8  inch  diameter,  30  feet,  copper 

tubing  packed  with  high  activity  char¬ 
coal.  The  charcoal  was  supplied  by 
Burrell  Corporation  (Catalogue  No. 
341-10) . 
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Column  temperature: 

90°C 

Detector  temperature: 

150°C 

Detector  current: 

200  mA 

Carrier  and  reference 
gas : 

Helium 

Gas  flow  rate:  Carrier 

side 

30  c.c./min. 

Reference  side 

30  c.c./min. 

products  seperated  under 

above  conditions  were 

air,  hydrogen  and  methane.  The  products  were  identified 
by  comparing  their  respective  retention  times  with  those 
of  pure  gas  samples  passing  through  the  same  column. 

3.4.3.  Accuracy  of  Analysis 

In  this  work,  an  "Internal  Reference  Method"  (see 
Appendix  II)  was  used  to  improve  the  accuracy  of  product 
analysis.  The  essence  of  this  method  was  to  account  for 
the  variation  of  sample  size  and  G.C.  operating  conditions. 
Synthetic  mixtures  of  liquid  components  were  used  to  cali¬ 
brate  the  columns  on  a  relative  basis.  By  using  this  method 
the  error  of  the  major  liquid  components  analysis  was  re¬ 
duced  to  the  order  of  ±0.5%  (see  Appendix  II). 

For  gas  analysis,  no  synthetic  mixture  was  used  to 
calibrate  the  columns  because  it  was  difficult  to  blend  a 
gas  mixture  with  less  than  2%  error.  Only  relative  thermal 
response  (39)  was  employed.  The  error  of  the  major  gas 
component  analysis  was  estimated  to  be  ±2.0%.  This  relative 
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ly  higher  error  as  compared  with  that  of  liquid  analysis 
was  partly  due  to  the  small  amount  of  gas  sample  collected, 
which  was  insufficient  to  purge  the  gas  sampling  loop  in 
the  G.C. 

Since  over  99%  by  weight  of  the  product  was  in  liquid 
form,  the  relatively  higher  error  in  the  gas  analysis  had 
very  little  effect  on  the  overall  accuracy  of  analysis,  it 
being  largely  determined  by  the  accuracy  of  liquid  analysis. 
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4.  EXPERIMENTAL  PROGRAM  AND  RESULTS 


4.1.  Definition  of  Terms 


4.1.1.  Reaction  Temperature 

The  reaction  temperatures  reported  in  the  present 
study  (shown  in  the  tables)  were  the  temperatures  record¬ 
ed  by  the  thermocouple  located  at  the  center  of  the  cata¬ 
lyst  bed.  These  temperatures  corresponded  to  approximately 
the  mean  temperatures  measured  at  the  top  and  the  bottom  of 
the  catalyst  bed.  The  thermocouple  was  fixed  at  the  center 
of  the  bed  during  sampling,  but  could  be  moved  up  and  down 
to  measure  the  temperature  gradient  across  the  catalyst 
bed  before  and  after  sampling. 


4.1.2.  Space  Velocity 


The  term  space  velocity  as  used  in  this  work  is 
defined  as 


Space  Velocity 


gm-mole  of  3-pentanol  feed 


(gm  of  catalyst) (hour) 


The  reciprocal  of  the  above  defined  space  velocity  (1/S.V.) 
is  the  form  of  space  time  which  was  frequently  used  in  this 


work . 
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4.1.3.  Conversion  of  3-Pentanol 

Conversion  of  3-Pentanol  = 

(1  -  /m°ies  of  3-pentanol  in  products  , 
moles  of  3-pentanol  in  feed  ~ 

4.1.4.  Material  Balance 

The  material  balance  provided  a  measure  of  the 
accuracy  of  product  collection  and  thus  of  the  relia¬ 
bility  of  the  experimental  data. 

(a)  Overall  Material  Balance  (%)  = 

(Wt.  of  Liq.  Product)  +  (Wt .  of  Gas  Product)  n  nn 
(Wt.  of  Liquid  Feed)  x 

(b)  Balance  Based  on  3-Pentanol  Conversion  (%)  = 

Wt.  of  all  products  except  3-pentanol  ^ ^ Q 

Wt.  of  3-pentanol  converted 

The  balance  based  on  3-pentanol  conversion  is  a  more  sensitive 
measure  of  the  reliability  of  the  data  at  low  3-pentanol  con¬ 
version  . 

4.1.5.  Material  Accountability 

Material  Accountability  was  used  as  a  measure  of  the 
completeness  and  reliability  of  product  analysis.  These  are 
gram-atom  balances  of  carbon,  hydrogen  and  oxygen. 
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Carbon  Accountability  (%)  = 


gm-atoms  of  carbon  in  analyzed  products  per  mole  of  3-pentanol 

gm- atoms  of  carbon  in  1  mole  of  3-pentanol  feed 


x  100 


Similar  definitions  applied  to  hydrogen  and  oxygen 
accountabilities.  Material  accountability  which  took  into 
account  of  the  accuracy  of  product  analysis  was  a  secondary 
material  balance.  When  both  material  balance  and  material 
accountability  were  satisfactory,  the  experimental  data 
were  assumed  to  be  correct  and  were  accepted. 

4.2.  Thermal  Decomposition  of  3-Pentanol 

Three  experimental  runs,  runs  1  to  3 ,  were  performed 
to  investigate  the  effects  of  temperature  and  pyrex  glass 
surface  on  the  thermal  decomposition  of  3-pentanol.  A  slow 
feed  rate  of  8.5626  gm  of  3-pentanol  per  hour  and  6.8832  gm 
pyrex  glass  packing  were  used  for  all  three  runs.  The  reac¬ 
tion  was  studied  at  temperatures  of  377°C,  414°  and  474°C. 

Gas  product  was  not  obtained  in  any  of  the  three  runs . 
Analysis  of  the  liquid  samples  revealed  that  all  the  liquid 
samples  contained  pure  3-pentanol  only  (see  Appendix  IV) . 
These  results  indicated  that  pyrex  glass  had  no  measurable 
catalytic  effect  on  3-pentanol  and  furthermore  that  homo¬ 
geneous  thermal  decomposition  of  3-pentanol  did  not  occur 
under  the  experimental  conditions . 
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4.3.  Effect  of  Temperature  on  Product  Distribution 

A  set  of  5  runs,  runs  4  to  8 ,  was  carried  out  at 
constant  space  velocity  to  study  the  effect  of  temperature 
on  the  product  distribution.  These  5  runs  used  the  first 
charge  catalyst  of  3.0805  gm.  The  water  content  of  the 
liquid  samples  was  not  analyzed  because  the  column  for 
analyzing  water  was  not  available  at  that  time.  The  experi¬ 
mental  results  are  shown  in  Table  4.1.  and  Figure  4.1.  It 
is  noted  that  the  reactions  at  370°C  consist  of  dehydrogena¬ 
tion  and  dehydration  at  3-pentanol  conversion  of  0.47,  the 
extent  of  side-reactions  being  negligible.  Therefore,  it 
was  decided  to  carry  out  the  subsequent  experimental  runs 
at  370°C . 

4.4.  Effect  of  Time  on  Catalytic  Activity 

Runs  9  to  12  using  a  second  charge  of  catalyst  weigh¬ 
ing  0.9254  gm  were  designed  to  study  the  effect  of  time  on 
catalytic  activity  at  a  constant  temperature  of  370°C  and 
constant  feed  rate  of  4.2842  gm  3-pentanol  per  hour  (the 
lowest  flow  rate).  Table  4.2.  and  Figure  4.2.  show  the 
results  obtained  in  terms  of  product  distribution.  The 
catalytic  activity  remained  fairly  constant  between  the 
seventh  and  the  thirteenth  hours  of  use.  Sample  was  not 
taken  before  the  seventh  hour  of  operation  because  the  reac¬ 
tion  system  required  two  to  three  hours  to  reach  the  steady 
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state  and  the  catalyst  required  another  two  to  three 
hours  of  pre-treatment  under  steady  reaction  conditions. 

The  experiment  was  terminated  after  the  thirteenth  hour 
of  operation  because  the  catalytic  activity  appeared  to 
start  declining  (see  Figure  4.2.).  Approximately  4  to 
6  runs  could  be  done  during  this  period  of  6  hours.  Hence, 
the  following  experimental  runs  will  be  performed  as  close 
as  possible  within  this  period  of  catalyst  life. 

4.5.  Effect  of  Space  Velocity  on  Product  Distribution 

Four  sets  of  experimental  runs,  runs  13  to  31, 
totalling  19  runs,  were  performed  to  investigate  the  effect 
of  space  velocity  on  product  distribution  at  a  constant 
temperature  of  370°C.  A  total  of  4  charges  of  catalyst 
were  used  in  these  19  runs.  They  are  summarized  in  the 
following  table. 


Catalyst 

Runs 

Charge  No. 

Weight  (gm) 

3 

4 . 4077 

13-19 

4 

2.2045 

20-23 

5 

1.4977 

24-27 

6 

1.0022 

28-31 

The  results  of  the  four  sets  of  experimental  runs 
are  shown  in  Tables  4.3.  to  4.6.  Figures  4.3.  and  4.4. 
show  the  major  product  distributions. 

The  reaction  pressures  of  all  runs  were  measured 
to  be  approximately  equal  to  atmospheric  pressure,  about 
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700  mm  Hg  (see  Appendix  III) . 

4.6.  Effect  of  Film  Diffusion 


It  is  important  that  film  diffusion  be  minimized 
or  accounted  for  before  any  meaningful  analysis  or  inter¬ 
pretation  of  the  kinetic  data  can  be  attempted.  For  this 
purpose,  runs  13  to  31,  described  in  the  previous  section, 
were  also  designed  to  study  the  effect  of  film  diffusion. 

Some  of  the  conditions  of  the  19  runs  overlapped  with  one 
another  so  that,  at  a  certain  space  velocity,  there  were 
two  or  three  experiments  using  different  feed  rates  (28) . 

In  other  words,  two  or  three  experiments  used  the  same 
ratio  of  catalyst  weight  to  feed  but  different  feed  rates 
and  different  weights  of  catalyst.  If  film  diffusion 
played  a  significant  role  or  was  the  controlling  factor  of 
the  reaction  rate,  the  experimental  run  involving  higher 
fluid  velocities  through  the  bed,  i.e.  the  higher  feed- 
rates,  should  exhihit  less  film  resistance  to  diffusion  and 
consequently,  higher  conversions.  The  reverse  was  also  to 
be  expected.  When  film  diffusion  was  not  a  rate-controlling 
factor,  the  conversions  would  be  expected  to  remain  unaffect¬ 
ed  regardless  of  flow  rates  providing  that  the  "isothermal 
plug  flow"  behavior  existed. 

The  results  are  shown  in  Figures  4.3.  and  4.4. 
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4.7.  Effect  of  Pore  Diffusion 

In  chemical  reactions  catalyzed  by  solid  surfaces, 
the  reaction  rate  exhibited  per  unit  mass  of  catalyst  is 
influenced  by  the  area  associated  with  the  catalyst  par¬ 
ticles.  In  general,  an  increase  in  gross  external  sur¬ 
face  area  per  unit  mass  (or  decrease  in  particle  size) 
for  given  reaction  conditions  increases  the  rate  (32) . 

For  a  completely  impervious  (nonporous)  catalyst,  the 
reaction  is  confined  to  the  external  surface,  and  the  rate 
is  hence  directly  proportional  to  the  external  surface 
area.  In  permeable  (porous)  catalysts  the  reaction  extends 
by  pore  diffusion  to  the  interior  surfaces,  and  the  gross 
external  area  is  generally  a  negligible  fraction  of  the 
total  effective  interfacial  area.  Most  of  the  catalysts 
have  characteristics  falling  between  the  above  two  extreme 
cases.  Therefore,  the  effect  of  pore  diffusion  must  be 
determined  in  order  to  permit  meaningful  analysis  and  inter 
pretation  of  the  rate  data. 

To  investigate  the  effect  of  pore  diffusion,  experi¬ 
mental  runs  using  charges  of  catalyst  of  equal  weight  but 
different  particle  sizes  are  performed  under  the  same  condi 
tions.  The  charge  of  smaller  particle  size  is  usually  ob¬ 
tained  by  crushing  a  portion  of  the  batch  of  catalyst.  If 
pore  diffusion  is  not  the  rate-determining  step,  the  conver 
sions  of  all  runs  will  be  expected  to  be  the  same.  However 
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if  pore  diffusion  is  rate  controlling,  the  run  using 
smaller  particles  of  catalyst  will  exhibit  higher  conver¬ 
sion  due  to  shorter  pores  for  diffusion  and  more  pores 
created  by  crushing  in  the  preparation  of  the  catalyst. 

Runs  44  and  45  using  a  charge  of  1.0023  gm,  -20  + 

30  mesh  catalyst  were  carried  out  at  the  same  experimental 
conditions  as  runs  36  and  38  which  used  a  charge  of  1.0022 
gm,  -16  +  20  mesh  catalyst.  Results  are  given  in  Tables 
4.11.  and  5.3. 

4.8.  Reproducibility  of  Experiments 

To  estimate  the  overall  errors  of  the  primary  ex¬ 
perimental  data,  8  runs,  runs  32  to  39,  were  made  at  two 
different  space  velocities  but  at  the  same  temperature. 

The  8  runs  were  divided  into  two  groups,  each  of  4  runs. 
Each  group  used  a  different  but  equal  weight  of  catalyst. 
Each  group  of  4  runs  was  performed  at  lower  and  higher 
space  velocities  alternatively  to  simulate  the  changes  in 
conditions  under  which  most  of  the  experimental  runs  were 
carried  out.  The  results  obtained  at  the  same  space 
velocity  from  two  groups  of  experiments  are  summarized  in 
Table  4.9.  Tables 4. 7.  and  4.8.  show  the  detailed  product 
distributions . 

Further  tests  of  reproducibility  of  the  experiments 
were  made  by  using  a  catalyst  bed  mixed  with  inert  pyrex 
glass  chips.  Runs  40  to  43,  using  a  charge  of  1.0023  gm 
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catalyst  mixed  with  glass  in  1  to  1  volume  ratio,  were 
performed  under  the  same  conditions  as  runs  28  to  31  which 
used  1.0022  gm  of  catalyst  only.  Results  are  given  in 
Table  4.10.  and  Figure  4.4. 

The  values  for  product  distributions,  conversions, 
and  rate  constants  which  are  reported  in  the  following 
pages,  especially  in  Tables  4.1.  to  4.11,  6.1.  and  6.4, 
represent  computed  values.  In  most  cases,  the  statisti¬ 
cally  significant  number  of  figures  do  not  exceed  three 
figures . 
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Table  4.9. 

Reproducibility  of  Experiments  in  Terms  of  Product  Distribution 

(Mole  of  Product/Mole  of  3-Pentanol  Feed) 


Reaction  temperature 


370°C 


Run 

No. 

Hydrogen 

2-Pentene 

Water 

D.E.K. 

3-Pentanol 

Conversion 

32 

0.11296 

0.00412 

0.00502 

0.11443 

0.12320 

34 

0.11069 

0.00425 

0.00484 

0.11632 

0.12336 

36 

0.11148 

0.00412 

0.0Q540 

0.11449 

0.12089 

38 

0.10955 

0.00403 

0.00493 

0.11377 

0.12079 

Ave . 

0.11117 

0.00413 

0.00505 

0.11475 

0.12206 

Devia¬ 

tion 

±0.00228 

±0.00015 

±0.00039 

±0.00174 

±0.00225 

±2.05% 

±3.52% 

±7 . 80% 

±1.52% 

±1.84% 

33 

0.06904 

0.00258 

0.00380 

0.06512 

0.06971 

35 

0.06836 

0.00269 

0.00401 

0.06554 

0.06995 

37 

0.06808 

0.00259 

0.00394 

0.06412 

0.06811 

39 

0.06771 

0.00254 

0.00358 

0.06374 

0.06807 

Ave . 

0.06830 

0.00260 

0.00383 

0.06463 

0.06896 

Devia¬ 

tion 

±0.00090 

±0.00010 

±0.00030 

±0.00134 

±0.00160 

±1.31% 

±3.74% 

±7.86% 

±2.08% 

±2 . 32% 

Deviations  were  estimated  at  95%  confidence  limit. 


Runs 

32  , 

3  4 , 

36 

and 

38 

at 

1/S. V. 

=  6.888 

Runs 

33  , 

35  , 

37 

and 

39 

at 

1/S.V. 

=  3.450 
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Table  4.11. 

Effect  of  Pore  Diffusion  on  Product  Distribution  at  370°C 


(Mole  of  Product/Mole  of  3-Pentanol  Feed) 


Run  No. 

44 

45 

Wt.  of  Catalyst  (gm) 

1.0023 

1.0023 

Particle  size  (mesh) 

-20  +  30 

-20  +  30 

Feed  Rate  (gm/hr) 

12.8234 

12.8234 

1/S. V. 

6.8900 

6 . 8900 

Product 

Hydrogen 

0.11251 

0.11264 

Methane 

0.00019 

0.00019 

Ethylene 

0.0 

0.0 

2-Pentene 

0.00422 

0.00420 

Water 

0.00474 

0.00459 

M.E.K. 

0 . 00050 

0.00050 

n-Propanol 

0.0 

0.0 

D.E.K. 

0.11690 

0.11632 

3-Pentanol 

0 . 87762 

0 . 87834 

3-Pentanol  Conversion 

0 . 12238 

0 . 12166 

Material  Balance  '(%) 

Overall 

99.91 

99.93 

Based  on  3-pentanol 

converted 

99 . 34 

99 . 43 

Accountability  (%) 

Carbon 

99.92 

99.93 

Hydrogen 

99.85 

99.87 

Oxygen 

99.98 

99.98 

B 


Mole  of  Product  /  Mole  of  3-Pentano!  Feed 
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Wt  of  Catalyst  «  3.0303  gm. 


Figure  4.1: 

Effect  of  Temperature  on 
Product  Distribution 
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Mole/Mole  of  3-  Pentanol  Feed 

10  0.20  0.30 

REACTION  TEMP  =  370°C 
CATALYST  WT.  =  0.9254  gm 
1/S.V.  =  19.041  (gm  catalyst)  (hr.) 

(gm  mole  feed) 

O  3-  Pentanol  Conversion 

A  Diethyl  Ketone 
□  2  -  Pentene 


i  i _ j 

0.004  0.008 


Figure  4.2: 

Effect  of  Time  on  Catalytic 
Activity 


Mole/Mole  of  3-Pentanol  Feed 
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REACTION  TEMP  =  370°C. 


1/S.V. 


(gm  catalyst)  (hr.) 
(  gm  mole  feed) 


Figure  4.3: 

Effect  of  Space  Velocity 
upon  Product  Distribution 


Mole/Mole  of  3-Pentanol  Feed 
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REACTION  TEMP.  =  370°C. 
3-  Pentanol 


0.006 


0.002 


0 


1/S.V.  = 


(gm  catalyst)  (hr) 


(gm  mole  feed) 


Figure  4.4: 

Effect  of  Space  Velocity  on 
Product  Distribution  (Lower 
Conversion  Range) 
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5.  INTERPRETATION  AND  DISCUSSION  OF  RESULTS 


The  experimental  results  presented  in  the  preceding 
chapter  will  be  discussed  and  analyzed  in  the  following 
sections . 

5.1.  Chemical  Reactions 

The  reactions  involved  in  the  dehydrogenation  of  3- 
pentanol  on  alundum  catalyst  under  the  conditions  of  the 
present  investigation  are  dehydrogenation  (major) ,  dehydra¬ 
tion  (minor) ,  and  decomposition  (trace) ,  as  seen  from  the 
product  distributions  of  all  experimental  runs  (see  Tables 

4.1.  to  4.11.).  The  amounts  of  diethyl  ketone  and  2-pentene 
are  approximately  equal  to  those  of  hydrogen  and  water,  res¬ 
pectively,  for  all  runs.  This  relationship  suggests  that 
dehydrogenation  and  dehydration  occur  in  parallel. 


C0HcCH (OH) C0Hc 

2  5  zb 

-> 

c2h5coc2h5  +  H2 

(14) 

c2h5ch(oh)c2h5 

-> 

CH,CH  =  CHC.Hc  +  H.O 

3  2  5  2 

(15) 

In  addition  to 

the 

above  major  products, 

trace  amounts 

of  methane,  methyl  ethyl  ketone,  ethylene  and  n-propanol  were 
also  detected  at  temperature  and  1/S.V.  above  370°C  and  10.0 
respectively.  Ethylene  and  n-propanol  disappeared  from  the 
products  when  the  reactions  occurred  at  370°C  and  higher  space 
velocity.  The  decomposition  may  be  speculated  to  occur  accord 
ing  to  the  following  reactions: 


- 

' 

. 

■ 
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C2H5CH(OH)C2H5  ->  CH4  +  CH3COC2H5  (16) 

C2H5CH  (OH)  C2H5  ->  C2H4  +  C3H?OH  (17) 

Since  the  main  objective  of  this  work  is  to  obtain  kine¬ 
tic  data  for  the  main  reactions,  the  chemistry  of  these 
side-reactions  was  not  emphasized  and  verification  was 
not  attempted. 

Table  5.1.  is  a  comparison  of  the  result  of  run 
number  8  with  that  obtained  by  Wanke  (3)  who  used  a  pyrex 
glass  reactor.  The  difference  is  that  ethyl  isopropyl 
ketone,  carbon  monoxide  and  carbon  dioxide  were  not  en¬ 
countered  in  the  present  investigation,  while  methane, 
ethylene  and  n- propanol  were  not  present  in  Wanke ' s  run. 
The  reason  is  probably  that  different  side  reactions 
occurred  at  conditions  of  lower  temperature  and  higher 
space  velocity  as  employed  in  the  present  work. 

5.2.  Effects  of  Vyoor  and  Pyrex  Glass  Surfaces 

As  mentioned  in  Section  4.2.,  3-pentanol  remained 
unchanged  when  passing  through  pyrex  glass  bed  in  the 
vycor  glass  reactor  at  temperatures  up  to  474°C.  This 
indicated  that  homogeneous  thermal  decomposition  did  not 
occur  and  the  pyrex  and  vycor  glass  surfaces  were  inert 
to  3-pentanol  decomposition  under  the  experimental  con¬ 
ditions  in  the  present  investigation.  Because  of  the 


' 
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inertness  and  resistance  to  high  temperatures,  Vycor  glass 
was  used  for  the  construction  of  the  reactor  used  in  this 
work . 

5.3.  Effect  of  Temperature  on  Product  Distribution 

As  a  rule,  dehydrogenation  and  dehydration  of  alco¬ 
hol  are  endothermic  reactions  (40)  and  when  the  reactions 
are  reversible  higher  temperatures  would  be  expected  to 
increase  the  conversion.  From  the  high  yield  and  nearly 
complete  conversion  such  as  in  Run  8,  the  dehydrogenation 
of  3-pentanol  on  this  catalyst  appeared  to  be  irreversible. 
This  is  shown  in  the  case  of  3-pentanol  in  Figure  4.1.  and 
Table  4.1.  At  452°C  and  1/S.V.  =  63.383,  3-pentanol  was 
almost  completely  converted.  The  3-pentanol  conversion  of 
0.998  with  the  diethyl  ketone  yield  of  92%  and  2-pentene 
yield  of  7.7%  were  obtained  under  the  above  conditions. 

The  total  yield  of  the  products  from  the  side  reactions  was 
only  0.3%.  It  is  apparent  that  the  sodium  hydroxide-treated 
alundum  is  a  good  catalyst  for  production  of  diethyl  ketone 
from  3-pentanol  as  far  as  yield  is  concerned. 

5.4.  Effect  of  Time  on  Catalytic  Activity 

The  catalytic  activity  of  the  alundum  catalyst  on  both 
dehydrogenation  and  dehydration  decreased  with  time  of  use 
due  to  the  deposition  of  elemental  carbon  on  the  catalyst 
surface  (3)  and  probably  the  deactivation  by  water  absorption 


■ 
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Table  5.1. 


Comparison  of  Product  Distribution 
(Mole  of  Product/Mole  of  3-Pentanol  Feed) 


Run 


No.  8 


Reaction  temp. 

(°C) 

452 

3-Pentanol  feed 
(gm/hr) 

rate 

4.2842 

Wt.  of  catalyst 

(gm) 

3.0805 

1/S.V. 

63.383 

Product 

Hydrogen 

Methane 

Ethylene 

2-Pentene 

Water 

Methyl  Ethyl 
n-Propanol 

Ketone 

0.94110 

0.00826 

0 . 00267 
0.07688 
not  analyzed 
0.00636 
0.00265 

Diethyl  Ketone  0.91722 

3-Pentanol  0.00217 

Ethyl  Isopropyl  Ketone 
Carbon  Monoxide 
Carbon  Dioxide 


Wanke ' s 
No.  18 


462 

not 

reported 

not 

reported 

122.43 


0.982 


0.181 

0.060 

0.0292 

0.0 

0.753 

0.008 

0.0134 

0.0234 

0.0500 


. 
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in  the  catalyst  (41).  The  colour  of  the  catalyst  changed 
from  an  initial  near-white  to  light  grey  after  14  hours 
of  use.  To  determine  the  effect  of  time  on  catalyst 
activity ,  a  sample  was  taken  every  two  hours  at  constant 
conditions,  after  the  initial  seven  hours  of  stabiliza¬ 
tion  of  the  catalyst.  Four  samples  were  taken.  The 
results  obtained  as  shown  in  Table  4.2.  and  Figure  4.2. 
indicated  that  there  was  a  slight  decrease  in  activity 
between  7  and  13  hours  of  use.  The  difference  in  acti¬ 
vity  was  about  0.4%  in  terms  of  3-pentanol  conversion. 
Since  the  decrease  was  small,  subsequent  runs  were  per¬ 
formed  within  this  range  of  catalyst  life.  The  life  of 
any  charge  of  catalyst  used  in  the  various  runs  never 
exceeded  14  hours. 

5.5.  Effects  of  Space  Velocity  and  Film  Diffusion 

For  the  effect  of  varying  space  velocity  on  the 
product  distributions,  the  results  obtained  at  low  con¬ 
version  are  very  good,  but  those  obtained  at  high  con¬ 
version  are  not  satisfactory.  The  reasons  will  now  be 
discussed . 

Referring  to  Figure  4.3.  at  equal  space  velocities, 
the  3-pentanol  conversions  and  amounts  of  diethyl  ketone 
of  the  runs  using  2.2045  gm  catalyst  are  consistently 
higher  than  those  using  4.4077  gm.  If  the  runs  were  truly 
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isothermal  and  film  resistance  were  significant,  the  re¬ 
verse  trend  would  be  expected.  The  effect  of  higher  gas 
velocities  would  be  to  promote  diffusion  and  thus  increase 
conversion.  If  film  diffusion  alone  constituted  the  para¬ 
meter  being  varied  and  it  was  found  to  be  unimportant, 
the  conversions  for  both  sets  of  runs  should  be  on  the 
same  curve  (28) .  The  erratic  behavior  which  was  encoun¬ 
tered  might  be  caused  by  one  or  a  combination  of  the  follow¬ 
ing  factors: 

(1)  The  activities  of  the  two  charges  of  catalyst 
were  different  (unlikely) ; 

(2)  The  number  of  active  centers  of  the  catalyst  was 
not  directly  proportional  to  its  weight  (also 
unlikely) ; 

(3)  The  two  sets  of  runs  occurred  at  different 
temperatures  within  the  catalyst  beds  (very 
likely) ; 

(4)  Channelling  or  other  dispersion  effects  at 
the  two  flow  rates  (likelihood  uncertain) . 

The  first  cause  was  unlikely  because  the  two  charges 
of  catalyst  were  taken  from  the  same  batch  and  subjected 
to  the  same  conditions  of  stabilization  before  used.  More¬ 
over,  the  runs  were  performed  within  the  range  of  catalyst 
life  where  the  activity  was  shown  to  be  nearly  constant. 

The  second  cause  also  seemed  unlikely  because  the  catalyst 
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used  was  of  a  narrow  range  of  particle  sizes  (-16  +  20 
mesh)  such  that  the  surface  area  would  probably  be 
proportional  to  the  weight.  The  third  cause  appears 
to  be  the  more  plausible  reason.  The  explanation  may 
lie  in  that  the  average  catalyst  bed  temperatures  of 
two  sets  of  runs  are  different  as  illustrated  in  Table 
5.2.  (also  see  Appendix  III).  The  differenceof  2.7°C 
in  average  catalyst  bed  temperatures  caused  0.02601 
difference  in  3-pentanol  conversion.  To  confirm  this, 
a  difference  of  0.04  in  conversion  is  estimated  for  a 
differenceof  2 . 7°C  around  370°C  from  Figure  4.1.  This 
differenceof  0.04  in  conversion  is  approximately  equal 
to  the  difference  in  conversion  between  the  lines  drawn 
through  the  two  sets  of  runs  at  1/S.V.  of  63.383  in 
Figure  4.3. 

Large  axial  temperature  gradients  were  encounter¬ 
ed  at  high  conversion  for  those  runs  using  a  large 
amount  of  catalyst  (see  Appendix  III) .  A  maximum  of 
17°C  difference  was  recorded  in  this  work.  The  endo¬ 
thermic  effect  of  the  reactions  and  the  ’heat  exchange' 
nature  of  the  reactor  are  believed  to  play  a  major  role. 
The  lower  portion  of  a  long  catalyst  bed  was  always  at 
much  lower  temperature  because  it  extended  too  close  to 
the  incoming  cold  reactant  (see  Figure  3.2.) ,  as  in  runs 
13  to  19.  As  a  result ,  the  average  catalyst  bed  tempera¬ 
ture  was  lower  than  the  center  temperature  which  was  de¬ 
fined  as  the  reaction  temperature  in  this  work.  It  seems  more 
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realistic  to  use  average  bed  temperature  as  reaction 
temperature  instead  of  center  temperature.  In  the 
present  work,  to  measure  the  temperature  at  the  top  and 
bottom  of  the  catalyst  bed  simultaneously  presented 
certain  difficulty  because  only  one  thermocouple  could 
be  inserted  in  .the  small  diameter  thermocouple  well. 
Consequently,  only  one  temperature  could  be  monitored 
continuously.  The  temperature  gradient  was  measured 
only  once  just  before  sampling. 

The  results  obtained  at  lower  conversion  were 
good  (see  Figure  4.4.)  because  of  more  uniform  tempera¬ 
ture  in  a  shorter  catalyst  bed  (see  Appendix  III) .  The 
effects  of  film  diffusion  and  non-isothermal  behavior 
were  apparently  negligible  at  the  range  of  conversion 
below  0.16  (1/S.V.  below  11). 

5.6.  Effect  of  Pore  Diffusion 

As  shown  in  Table  5.3.,  under  the  same  experiment¬ 
al  conditions,  runs  44  and  45  which  used  smaller  particles 
of  catalyst  (-20  +  30  mesh)  and  runs  36  and  38  which  used 
larger  particles  of  catalyst  (-16  +  20  mesh)  had  approxi¬ 
mately  equal  3-pentanol  conversions,  hence  equal  reaction 
rates.  These  results  indicated  that  the  effect  of  pore 
diffusion  appeared  to  be  negligible  within  the  range  of 
particle  sizes  investigated.  If  the  effect  of  pore  diffu¬ 
sion  were  significant,  the  two  sets  of  runs  would  have 
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exhibited  significantly  different  conversions  at  the  same 
experimental  conditions.  If  this  were  the  case,  the  runs 
using  smaller  catalyst  particles  would  have  yielded  higher 
3-pentanol  conversions  because  of  less  diffusional  resis¬ 
tance  due  to  shorter  pores  and  possibly  more  pores  created 
during  reduction  of  the  particle  size  by  crushing. 

The  average  conversion  of  runs  44  and  45  appeared 
to  be  0.0012  higher  than  that  of  runs  36  and  38  (see  Table 
5.3).  This  difference  in  conversions  was  believed  to  be 
caused  by  an  average  of  0.4°C  higher  reaction  tempera¬ 
ture  under  which  runs  44  and  45  were  performed  (see  Figure 
4.1.).  However,  the  difference,  being  only  1%  of  0.120  in 
conversion,  was  considered  to  be  negligible,  and  the  3- 
pentanol  conversions  of  runs  36,  38,  44  and  45  were  con¬ 
sidered  to  be  equal  and  thus  to  demonstrate  that  pore  diffu¬ 
sion  effects  were  negligible. 

5.7.  Reproducibility  of  Experiments 

The  experiments  at  3-pentanol  conversion  lower  than 
0.16  were  reproducible  within  the  range  of  experimental 
errors  as  shown  in  Table  4.9.  The  runs  with  either  cata¬ 
lyst  alone  or  catalyst  mixed  with  pyrex  glass  exhibited 
very  little  difference  in  conversion  as  indicated  in 
Figure  4.4.  These  results  indicated  that  the  experimental 
results  were  independent  of  the  flow  and  reactor  charac¬ 
teristics.  This  is  an  important  criterion  of  a  well- 
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designed  reactor  operating  at  the  proper  experimental 
conditions  within  the  chemical  regime,  under  which 
conditions  the  true  chemical  kinetic  data  can  be  ob¬ 
tained  . 

The  experimental  results  obtained  at  the  lower 
range  of  conversions  (below  0.16)  will  be  correlated  in 
the  next  chapter.  Because  the  data  were  reproducible 
and  the  effects  of  film  and  pore  diffusion  were  shown 
to  be  negligible,  mechanistic  rate  equations  based  upon 
chemical  steps  alone  may  be  applied. 
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6.  CORRELATION  OF  DATA 


The  reaction  rates  will  be  derived  from  the  experi¬ 
mental  data  presented  in  Chapter  4  and  then  the  rate  data 
will  be  correlated  empirically  and  by  a  mechanistic 
approach.  The  procedure  will  be  described  in  detail  in 
the  following  sections. 


6.1.  Reaction  Rates 


For  a  catalytic  reaction  in  a  flow  reactor,  the 
rate  of  reaction  can  be  defined  from  the  material  balance 
equation  for  a  tubular  reactor: 


dW 


dN 

A 

d (1/S.V. ) 


(18) 


where  r^ 


F 

W 


S.V. 


rate  of  disappearance  or  formation  of  A 

(moles/hr-gm  of  catalyst) 

feed  rate  (moles/hr) 

weight  of  catalyst  in  reactor  (gm) 

moles  of  A  per  mole  of  feed 

space  velocity  (moles  of  feed/hr-gm  of 

catalyst) 


When  the  experimental  data  are  plotted  as  NA  versus 
1/(S.V.),  the  slop  of  such  a  curve,  according  to  equation 
(18) ,  gives  the  rate  of  reaction  of  A.  The  slope  may  be 
obtained  by  direct  measurement  from  the  curve  or  by 
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numerical  differentiation  of  the  experimental  data. 

The  latter  method  is  used  in  this  work  because  of  its 
better  precision. 

The  data  in  the  higher  range  of  space  velocity, 
as  shown  in  Figure  4.4.,  are  first  interpolated  at  equal 
spacing  of  1/(S.V.)  by  Newton's  interpolation  formula 
(44),  which  passes  a  polynomial  of  degree,  (n-1) ,  through 
the  data  points.  The  choice  of  the  degree  of  the  poly¬ 
nomial  generally  depends  on  the  shape  of  the  curve  repre¬ 
senting  the  data  points  to  be  interpolated.  If  a  higher 
degree  polynomial  is  used  to  interpolate  a  set  of  data 
points  which  form  a  relatively  flat  curve,  oscillation 
of  the  resulting  polynomial  will  generally  occur.  When 
this  polynomial  is  differentiated,  the  oscillation  is 
magnified  by  numerical  errors  to  yield  an  incorrect 
derivative.  As  a  remedy,  the  original  curve  can  be 
divided  into  several  segments,  each  of  which  consists  of 
a  few  data  points,  such  that  a  lower  degree  interpolation 
polynomial  can  be  used  in  each  segment  to  give  a  smooth 
curve.  In  the  present  work,  the  experimental  data  form 
relatively  flat  curves  (see  Figure  4.4.).  To  obtain 
more  smooth  interpolations,  a  second  degree  polynomial 
was  employed  to  interpolate  each  segment  of  three  data 
points  using  a  3-point  marching  technique  in  which  the 
adjacent  data  points  overlapped  in  the  next  segment. 

This  procedure  was  a  result  of  trials  which  employed 
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polynomials  of  different  degrees,  and  was  found  most 
satisfactory  to  obtain  a  smooth  interpolation  (see 
Appendix  VIII) . 

The  interpolated  equally  spaced  data  were  dif¬ 
ferentiated  by  the  method  of  Whitaker  and  Pigford  (35) . 
This  method  calculated  the  derivative  at  a  point  by 
fitting  a  parabola  to  five  consecutive  data  points  by 
least  squares,  with  the  point  in  question  as  the  mid¬ 
point.  The  calculated  derivative  at  any  one  point  had 
up  to  five  different  values,  one  for  the  fit  obtained 
when  it  was  the  midpoint,  one  for  the  fit  when  it  was 
one  point  lower,  and  so  on.  Then,  the  five  values  of 
the  first  derivative  at  each  individual  point  were 
averaged  with  equal  weighting.  Table  6.1.  and  Figure 
6.1.  show  the  results  of  such  numerical  differentiation, 
giving  the  reaction  rates  as  defined  by  equation  (18) . 

A  computer  program  of  the  interpolation  and  the  numeri¬ 
cal  differentiation  employed  in  this  work  is  given  in 
Appendix  VIII. 

The  size  of  the  equal  spacing  on  1/(S.V.)  or  the 
increment  A(1/S.V.)  in  the  above  numerical  differentia¬ 
tion  had  a  strong  effect  on  the  derivative.  The  larger 
the  A ( 1/S . V. )  value  employed  the  less  accurate  the 
derivative  that  would  be  obtained,  and  vice-versa. 
Derivatives  were  also  obtained  by  direct  differentiation 
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of  the  interpolating  polynomial  and  were  found  to  be, 
very  close  in  value  to  those  obtained  by  the  method  of 
Whitaker  and  Pigford.  Due  to  the  inherent  smoothing 
characteristics  of  the  latter  method,  the  derivatives 
from  the  direct  differentiation  were  not  as  smooth. 

6.2.  Correlation  of  Rate  Data 

6. 2 *1.  Empirical  Method 

Consider  both  catalytic  dehydrogenation  and  dehy¬ 
dration  to  follow  pseudo-homogeneous  first  order  reactions 
behavior : 

kl 

A  - K  + 

k2 

A  - =-*  P  + 

where  A  =  3-pentanol 


K  = 

diethyl  ketone 

P  = 

2-pentene 

W  = 

water 

rK  = 

kl  CA 

ki 

C* 

^•o 

(1  - 

V 

rP  = 

k2  CA 

k2 

CA 

^o 

(1  - 

XA> 

where  X  =  3-pentanol  conversion  (mole  converted/ 
mole  in  feed) . 

When  the  reactions  occur  at  constant  temperature  and 
pressure  (370°C  and  700  mm  Hg)  and  the  initial  concen- 

Ao 


tration  of  the  reactant  C 


is  constant,  the  terms, 


’  K 
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kp  C^0  and  Ca q,  can  be  replaced  by  the  constants,  k^ 

and  kp ,  respectively.  The  rates  of  formation  of  diethyl 
ketone  and  2-pentene  can  be  expressed  as, 

rK  -  kK  (1  '  V  <19> 

rp  =  kp  (1  -  Xft)  (20) 

The  overall  rate  of  disappearance  of  3-pentanol  is  then 
given  by, 

(~rA)  =  rK  +  rp  =  (kR  +  kp) (1  -  xA)  (21) 

If  the  above  correlation  is  valid,  a  plotting  of  rate 
versus  (1  -  X  )  should  give  a  straight  line.  Such  a 
graph  is  shown  in  Figure  6.2.  It  is  noted  that  this 
correlation  is  good  only  within  the  range  of  conversion 
below  0.10  for  the  reason  cited  earlier.  The  constants 
k„  and  k  thus  evaluated  from  Figure  6.2.  are  given 

I\  r 

below . 

k^  =  0.208  x  10  ^  mole/hr-gm  of  catalyst 
K 

kp  =  0.935  x  10~3 

The  above  correlation  assumes  that  the  reaction 
rate  is  a  function  of  the  concentration  of  the  reactant 
only.  This  assumption  is  true  in  the  case  of  homogeneous 
reactions.  In  the  case  of  heterogeneous  catalytic  reactions, 
the  effects  of  the  surface  of  catalyst,  the  adsorption  and 
desorption  of  reactant  and  products  as  well  as  concentration 
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of  the  reactant  must  be  taken  into  account  if  the  correla¬ 
tion  is  to  be  a  meaningful  one. 

6.2.2.  Mechanistic  Approach 

Using  this  approach,  the  rate  data  are  fitted  to 
an  equation  which  may  be  derived  on  the  basis  of  a  plaus¬ 
ible  reaction  mechanism.  For  parallel  reactions  of  dehy¬ 
drogenation  and  dehydration  which  occur  simultaneously  on 
the  same  catalyst  and  on  the  same  active  sites,  a  large 
number  of  mechanisms  can  be  postulated.  The  task  of 
determining  the  best  model  involves  discriminating  between 
a  large  number  of  alternative  models.  If  information  on 
the  surface  chemistry  and  adsorption  characteristics  of 
the  catalyst  are  available,  the  number  of  possible  mecha¬ 
nisms  to  be  considered  may  be  reduced  considerably.  Deo 
and  Dalla  Lana  (46)  reported  that  dehydrogenation  and 
dehydration  of  n-propanol,  respectively,  occurred  on 
different  types  of  active  sites  on  the  same  sodium 
hydroxide-treated  alumina  catalyst.  Deo  (47)  also  report¬ 
ed  that  diethyl  ketone  and  water  adsorbed  much  more  strong¬ 
ly  on  that  particular  catalyst  than  hydrogen  and  2-pentene, 
respectively.  This  information,  which  provides  chemical 
insights,  can  be  used  to  simplify  the  derivation  of  the 
rate  expressions  because  there  is  no  competition  for  active 
sites  between  the  two  reactions  and  only  the  adsorption  of 
ketone  and  water  need  be  considered.  In  effect,  each 
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reaction  can  be  treated  independently  in  a  quantita¬ 
tive  manner. 

In  the  mechanistic  approach,  the  rate  data  are 
correlated  with  the  partial  pressures  of  reactant  and 
products  at  the  catalyst  surface.  To  determine  whether 
the  partial  pressures  of  the  bulk  gas  stream  can  be 
replaced  by  those  at  the  catalyst  surface,  the  pressure 
drops  across  the  stagnant  film  are  estimated  by  the 
method  of  Hougen  et  al  (48)  as  given  in  Appendix  VI. 

The  pressure  drops  of  all  products  and  reactant  were 
found  to  be  negligible  under  the  experimental  conditions 
in  the  present  work.  As  a  result,  the  partial  pressures 
in  the  bulk  gas  stream  will  be  used  in  correlation  with 
the  rate  data. 

In  the  present  work,  the  rate  expressions  were 
developed  from  the  Langmuir-Hinshelwood  theory.  Both 
single  and  dual  site  mechanisms  were  postulated.  The 
derivation  of  the  resulting  rate  equations  is  presented 
in  Appendix  V.  Tables  6.2.  and  6.3.  are  summaries  of 
the  postulated  mechanisms  and  rate  equations. 

The  rate  equations  were  linearized  and  the  coeffi¬ 
cients  of  the  linear  equations  were  estimated  by  the 
method  of  least  squares  (33) ,  in  which  systems  of  linear 
equations  were  solved  by  linear  programming  (45) .  The 
constants  obtained  are  shown  in  Table  6.4. 
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Those  models  which  yield  negative  constants  of 
statistical  significance  are  assumed  to  be  incorrect 
because  negative  constants  have  no  physical  meaning 
(31) .  When  more  than  one  of  the  linearized  postulated 
rate  equations  have  all  constants  positive  (or  zero) , 
a  choice  can  be  made  on  the  basis  of  the  least  squares 
minimization  criterion.  The  model  which  exhibits  the 
smallest  sum  of  squares  of  the  deviations  is  then 
assumed  to  represent  the  system  most  satisfactorily. 

An  examination  of  Table  6.4.  shows  that,  of  the 
postulated  mechanisms,  only  one  mechanism  for  each  of 
the  dehydrogenation  and  dehydration  steps  (mechanisms 
(a-1)  and  (b-1) )  yielded  no  negative  constants.  The 
controlling  step  is  adsorption  of  3-pentanol  while  the 
surface  reactions  occur  by  means  of  single  site  mecha¬ 
nisms  forming  adsorbed  diethyl  ketone  and  adsorbed  water, 
respectively,  in  dehydrogenation  and  dehydration. 


Dehydrogenation:  r^  =  r^  = 


ki  Pa 

(  1+kk  pk> 


(22) 


Dehydration : 


r  =  r  = 
P  W 


k2  PA 

U+Kw  Pw) 


(23) 


The  overall  rate  of  disappearance  of  3-pentanol  is  given 
by  the  sum  of  the  two  contributing  steps. 


-  r  =  r  +  r 
A  K  P 


+ 


(1+Kk  Pk) 


d+KW  PW) 


(24) 


. 


■ 
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where  k^,  k2  are  rate  constants,  (moles)/ (gm  catalyst) 

(hr)  (mm  Hg) 

K  ,  are  adsorption  constants,  (mm  Hg)-1 
?A'  Pr  Pw  are  Partial  Pressures  (mm  Hg) 

The  above  mechanisms  obtained  for  dehydrogenation 
and  dehydration  are  in  agreement  with  the  finding  by 
Deo  (47)  who  reported  that  diethyl  ketone  and  water 
adsorbed  much  more  strongly  on  the  sodium  hydroxide- 
treated  alundum  catalyst  than  hydrogen  and  2-pentene, 
respectively.  Since  the  correlations  are  based  on  low 
conversions  and  the  rate-controlling  steps  for  both  reac¬ 
tions  appear  to  be  adsorption  of  the  reactant,  the  inter¬ 
action  of  the  reactant  between  two  types  of  sites,  at 
first  glance,  seems  to  be  insignificant.  When  one  con¬ 
siders  the  processes  at  the  molecular  level,  screening  of 
the  first  type  of  site  by  molecules  of  3-pentanol  adsorbed 
on  the  second  type  of  site,  or  vice-versa,  may  be  present. 
This  type  of  interaction  could  result  in  the  adsorption¬ 
controlling  mechanism. 


' 
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Table  6.2. 

Postulated  Mechanisms  and  Rate  Equations  for  Dehydrogenation 

(a-1)  Single  site,  adsorption  of  alcohol  controlling, 
ketone  adsorbed. 

r  =  k  PA 

(1+KK  pk) 

(a-2)  Single  site,  surface  reaction  controlling,  ketone 
adsorbed. 

k  PA _ 

U  +  kapa  +  krpk) 

(a-3)  Single  site,  desorption  of  ketone  controlling 

_ _ 

PH  (1  +  KAPA  +  KAHPA/PH  > 

(a-4)  Dual  site,  adsorption  of  alcohol  controlling 

k  PA 

(1  +  kkPk  +  khph} 

( a- 5 )  Dual  site,  surface  reaction  controlling 

k  Pa _ 

(1  +  Kapa  +  Krpk  +  Khph) 

(a-6)  Dual  site,  desorption  of  ketone  controlling 

k  Pa 


r 


PH(1  +  KAPA  +  KAHPA/PH  +  KHPH} 


.  b  &  d  •  i  c  3  ob  '  e  n  od  s  ;t 


.  i.,  ■  ..  _  ic  3  .  ■  .  .  H  ■  D 


*1 


■ 


>.0  1  'A;  J  r 
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Table  6.3. 

Postulated  Mechanisms  and  Rate  Equations  for  Dehydration 

(b-1)  Single  site,  adsorption  of  alcohol  controlling, 
water  adsorbed 

r  =  k  PA 

(1  +  KWPW) 

(b-2)  Single  site,  surface  reaction  controlling,  water 
adsorbed 

k  PA 

d  +  KApA  +  Kwpw) 

(b-3)  Single  site,  desorption  of  water  controlling 

k  PA 

r  =  - - 

Pp^1  +  KAPA  +  KAP  Pa^Pp^ 

(b-4)  Dual  site,  adsorption  of  alcohol  controlling 

k  Pa 

+  ^wpw  +  kpPp^ 

(b-5)  Dual  site,  surface  reaction  controlling 

_ !1_£a _ 

( 1  +  kapa  +  Kwpw  +  kppp) 

(b-6 )  Dual  site,  desorption  of  water  controlling 

_  k  PA _ 

PP(1  +  KAPA  +  ^pPA^P  +  KPPP) 
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7.  CONCLUSIONS 


A.  Homogeneous  thermal  decomposition  of  3-pentanol 
was  not  detected.  Both  pyrex  and  vycor  glass  surfaces 
exhibited  no  catalytic  effects  on  3-pentanol  at  tempera¬ 
tures  up  to  474°C,  the  maximum  temperature  employed. 

B.  The  sodium  hydroxide-treated  alundum  catalyst 
catalyzed  dehydrogenation  and  dehydration  of  3-pentanol 
in  parallel,  with  dehydrogenation  being  the  predominant 
reaction . 

C.  Dehydrogenation  of  3-pentanol  increased  marked¬ 
ly  with  increasing  temperature.  At  452°C  and  a  space 

-2 

velocity  of  1.578  x  10  ,  3-pentanol  conversion  of  0.998 

was  obtained  with  a  diethyl  ketone  yield  of  92%  and  a 
7.7.%  yield  of  2-pentene,  the  dehydration  product.  The 
extent  of  side-reactions  was  negligible  (0.3%  yield). 

D.  The  activity  of  the  sodium  hydroxide- treated 

alundum  catalyst  decreased  slightly  with  the  time  of  use. 
At  370°C  and  a  space  velocity  of  5.252  x  10  (0.9254  gm 

of  catalyst) ,  the  decrease  in  activity  between  the  seventh 
and  thirteenth  hours  of  use  was  1%  in  terms  of  the  3- 
pentanol  conversion  at  the  above  conditions.  This  slight 
decline  in  catalytic  activity  could  be  attributed  to  de¬ 
clines  in  both  dehydrogenation  and  dehydration  steps  at 
the  above  conditions. 


Lonr>  a  q-t  20  noiiiaoqmoosb  Xfii  nterid'  ai/osnspomo. : 
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.anoim.  oo  dvo«  eJi  :h-  no.:  ico  Iorr«:fa9q 
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E.  Film  diffusion  was  shown  to  be  negligible  at 

370  C  and  space  velocities  above  9.713  x  10  (conversion 
below  0.157) . 

F.  The  effect  of  pore  diffusion  appeared  to  be  in¬ 
significant  within  the  range  of  catalyst  particles  from 
-16  to  +30  mesh  at  370°C  and  a  space  velocity  of  1.452  x 
10  ^  (1.0023  gm  catalyst). 

G.  The  primary  experimental  data  were  reproducible 
within  the  experimental  error  (±0.002  of  3-pentanol  con¬ 
version)  at  370°C  and  space  velocities  above  9.713  x  10  ^ 
(conversion  below  0.157). 

H.  On  the  basis  of  the  data  correlated  as  well  as 
independent  mechanistic  studies  (47) ,  dehydrogenation  and 
dehydration  of  3-pentanol  at  370°C  appear  to  involve  two 
different  types  of  active  sites  on  the  sodium  hydroxide- 
treated  alundum  catalyst  surface.  The  mechanisms  for  each 
reaction  seemed  to  involve  different  single  sites,  with 
chemisorption  of  diethyl  ketone  and  water  being  predomi¬ 
nant,  the  rate-controlling  step  being  the  adsorption  of 
3-pentanol  on  the  catalyst. 


A! 
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8.  RECOMMENDATIONS 


8.1.  Equipment 

8.1.1  The  liquid  feed  system  provided  very  constant 
and  precise  feed  rates  with  variations  of  less  than  0.5%. 
This  was  more  than  adequate  for  the  experimental  system 
employed . 

8.1.2.  The  vaporization,  reactor,  and  heating 
systems  had  quick  thermal  response  which  reduced  the  time 
required  to  attain  the  reaction  temperature  level  when 
starting-up  or  changing  operating  conditions.  This  fea¬ 
ture  is  desirable  in  dealing  with  a  catalyst  of  changing 
activity . 

8.2.  Methods 

8.2.1.  The  chromatographic  analytical  methods  used 
in  the  present  work  were  very  accurate.  The  'Internal 
Reference  Method'  for  liquid  product  analysis  was  excellent 
(with  error  less  than  0.5%). 

8.2.2.  The  numerical  differentiation  method  used  in 
the  present  investigation  provided  very  precise  rate  data. 

8.3.  Experiments 

8.3.1.  To  attain  more  uniform  catalyst  bed  tempera¬ 
ture,  a  shorter  catalyst  bed  or  the  use  of  catalyst  diluted 
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with  inert  solid  such  as  pyrex  glass  should  be  used  in 
future  experiments. 

8.3.2.  If  further  investigation  of  the  reaction 
mechanisms  is  attempted,  an  initial  rate  study  at  differ¬ 
ent  pressures  and  different  temperature  level  is  recommend¬ 
ed  c 
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APPENDIX  I 


CALIBRATION  OF  MICRO-FEEDER 


1-2 


The  micro-feeder  was  calibrated  by  feeding  3-pentanol  at 
an  average  room  temperature  of  26°C.  The  3-pentanol  was 
collected  in  a  25  ml  Erlenmeyer  flask  after  it  has  passed 
through  the  3/16  in.  stainless  steel  tubing.  To  prevent 
the  loss  of  3-pentanol  by  evaporation,  the  Erlenmeyer 
flask  was  cooled  in  an  ice-water  bath.  The  duration  of 
each  run  was  30  minutes.  The  amount  of  3-pentanol  was 
obtained  by  weighing.  Each  piston  speed  (gear)  was  cali¬ 
brated  in  such  a  way  that  the  whole  range  of  piston  travel 
(11  cm)  was  covered.  The  calibration  of  micro-feeder  is 
shown  in  Table  A-I-l.  Only  the  1st,  3rd,  5th  and  7th 
gears  of  the  micro-feeder  were  calibrated.  The  2nd,  4th, 
and  6th  gears  were  interpolated  from  the  calibration 
because  the  gear  system  of  the  micro-feeder  was  so  con¬ 
structed  that  the  2nd  gear  was  exactly  half-way  between 
1st  and  3rd  gears,  and  4th  gear  between  3rd  and  5th  gears 
and  so  on. 

The  confidence  intervals  of  the  means  of  3-pentanol 
feed  rates  have  been  estimated  (42)  in  the  following. 

The  confidence  interval  for  m  is  given  by 


x  1  ta/2;n-l  *  V  n 
where,  x  is  the  sample  mean 


(1-1) 


s  is  the  sample  standard  deviation 
n  is  the  sample  size 


71  ’  •  .  '  f  . 
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m  is  the  population  mean 


t  is  defined  as 


'a/2 ;  n-1 


2/0 

-y  2 


_ta/2;n-l  ^  2  71 


dy  =  a/2 


s  = 


n  -  2 
E  (X.  -  X) 

i=l  1 


n-1 


(1-2) 


For  n  =  5  and  a  =  0.05,  t  ,  =  2.776 

a/2; n-1 


Table  A-I-2  shows  the  values  of  t  /0  *s4/  n 

a/  c. ;  n — J. 

and  Table  A-I-3  gives  the  means  of  feed  rates.  Figure 
A-I-l  is  the  calibration  curve  of  micro-feeder. 


' 


i  r  i 


Calibration  of  Micro-Feeder 
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Table  A-I-2 


Values  of  t  /n  ,  •  s/ , — 
a/2 ;  n-1  y  n 


Piston  speeds  (gears) 


1st 


3rd 


5th 


7  th 


fca/2;  n-1  ’  S/^/  n 


gm  3-Pentanol/hr 


0.0069  0.0199  0.1493  0.0458 


Table  A-I-3 


Means  of  3-Pentanol  Feed  Rates  at  26  C 


Gear 

gm/hr* 

±  % 

1 

4.2842  ±  0.0069 

0.16 

2 

6.4234  ±  0.0134 

3 

8.5626  ±  0.0199 

0.23 

4 

12.8234  ±  0.0846 

5 

17.0843  ±  0.1493 

0.87 

6 

25.5995  ±  0.0975 

7 

34.1147  ±  0.0458 

0.13 

*  at  95%  confidence  interval 

Note:  gears  2,  4  and  6  were  interpolated 
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Piston  Speed,  cm/hr. 
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Figure  A- 1-1  CALIBRATION  CURVE  FOR  MICROFEEDER 
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APPENDIX  II 


METHODS  OF  ANALYSES 


II-2 


The  use  of  liquid-gas  chromatography  for  analysis 
of  organic  compounds  is  a  common  practice.  High  accuracy 
of  analyses  can  usually  be  obtained  if  the  operating 
variables  are  kept  constant  throughout  calibration  and 
analyses  ( 49 ) . 

The  simplest  way  of  calibration  is  to  correlate  the 
weight  percent  or  mole  percent  with  the  thermal  response 
of  a  component.  This  requires  that  the  weight  or  the 
number  of  moles  of  samples  must  be  kept  constant  during 
analyses.  This  procedure  is  impractical.  To  account  for 
the  variations  of  sample  sizes  and  other  operating  vari¬ 
ables,  the  following  methods  have  been  developed  to  improve 
the  product  analyses. 

II-l  Internal  Reference  Method 

In  this  method,  the  relative  weight  percents  are 
correlated  with  the  relative  thermal  responses  (39.  49). 
Each  component  is  related  to  an  arbitrarily  chosen  compo¬ 
nent  which  is  present  in  the  sample.  In  this  work,  3- 
pentanol  was  chosen  as  internal  reference.  The  following 
procedure  shows  how  this  method  is  applied  to  calibration 
and  analyses. 

(1)  From  the  analyses  of  the  standard  samples  of  synthetic 
mixtures,  the  following  equations  are  obtained. 


. 

L  iiz  oo  o  '  rc  o  rzts'idi.J'fcb  io 


II-3 


where 


X 

r 

=  f  (A  ) 

r  r 

(II-l) 

X. 

1 

X 

r 

A. 

=  fi  <jr> 

r 

(H-2) 

X 

r 

=  wt.  %  of 

3-pentanol  (reference 

component) 

in  the  sample. 

X. 

l 

=  wt.  %  of 

component  i  in  the  sample. 

A 

r 

=  peak  area 

of  3-pentanol. 

A. 

l 

=  peak  area 

of  component  i. 

i 

=  1 ,  2 ,  .  .  . 

,  r-1,  r  is  also  the 

number  of 

f . 
1 


components  in  the  sample, 
simple  function  for  component  i. 
simple  function  for  3-pentanol. 


Equation  II-l  is  not  exact  due  to  sample  size  variation 
because  the  peak  area  (thermal  response)  of  a  component 
is  a  function  of  its  weight  only*,  Equation  II-2  is 
exact  because  the  weight  ratio  and  thermal  response  ratio 
remain  constant  in  spite  of  change  in  sample  size.  The 
f^  can  usually  be  represented  by  simple  linear  function 
or  power  function.  In  the  present  studies,  a  simple 
power  function  is  used* 


X 


i 


a . 
1 


(II-2A) 


Where  a^  and  b^  are  constants  determined  by  method  of 


. 


■ 


II-4 


least  square  (43).  Table  A-II-2  shows  the  values  of 
a  and  b  for  each  component.  The  function  f  is  approxi¬ 
mated  by  Newton's  interpolating  formula  with  divided 
differences  (44).  Figures  A-II-1,  A-II-2  and  A-II-3 
are  graphical  presentations  of  the  calibration.  As  an 
example,  only  those  of  diethyl  ketone  and  3-pentanol 
are  given. 


(2)  Analysis  of  unknown  sample 

From  chromatography  analysis,  all  A^ ' s  and  Ar 

are  obtained  and  f.'s  and  f  have  been  established 

l  r 

by  calibration.  The  remaining  unknowns  in  Equation 
II-2  are  X^ ' s  and  X  .  Solution  of  Equation  II-2  to 
find  all  X. ' s  and  X  becomes  trial  and  error.  However, 
Equation  II-l,  though  not  exact,  can  be  used  as  a  first 
approximation.  Now,  all  A^ ' s  can  be  calculated  by  using 
Xr  obtained  from  Equation  II-l.  A  new  value  of  X^  is 
then  obtained  from  Equation  II-3. 


1.0 


r-1 

.  E 

i=l 


(II-3) 


Then  use  this  new  X^  in  Equation  II-2  to  calculate  a  new 
set  of  X^ 1 s .  This  procedure  is  repeated  until  the  dif¬ 
ference  between  the  present  and  previous  values  of  X^  is 
very  small. 


'cl  ;  '  .  r  t  i  :  ;  n  .  - 


II-5 


x(k-i) 


1,  2, 


r  ( II- 4 ) 


where  k  is  number  of  iterations  and  e ^  is  a  very  small 
number  arbitrarily  chosen.  Alternatively,  convergence 
can  be  achieved  by  normalization. 

X  (k_1) 

(k)  r 

X^K;  =  - -  (II-5) 

I  x.(k-1J 
i-1  1 

To  speed  up  the  convergence,  the  first  two  iterations 
used  Equation  II-3  and  the  remaining  used  Equation  II-5 
in  this  work.  This  procedure  took  about  5  iterations 
on  the  average  to  get  z^  <_  0.00005%. 

Although  the  derivation  of  above  equations  is 
based  on  an  analysis  by  a  single  column,  the  procedure 
can  be  applied  to  an  analysis  which  requires  two  columns 
for  complete  separation.  For  example,  in  this  work, 
water  is  analysed  by  a  Porapack  column  while  the  other 
components  by  a  Phthalate  column. 


X 

P 


A  ' 

(  w  s 
%  A  r 
P 


X 

P 


A 

f  (A 

P  A  ' 


(II-2B) 


(II-2C) 


. 


1 
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From  above  two  equations,  we  have 


where  A  ' 
w 


A  ' 

P 


X 

P 


A  '  A 


9„  <JTr>  fp  (H-2D) 

p  ^  r 

thermal  response  of  water  in  Porapak  column 
thermal  response  of  2-pentene  in  Porapak 
column 

thermal  response  of  2-pentene  in  Phthalate 
column 


wt.  %  of  water  in  the  sample 
wt.  %  of  2-pentene  in  the  sample 


The  functions  g^  and  f  are  calibrated  by  using  synthetic 
mixtures  in  Porapak  and  Phthalate  columns  respectively. 

For  analyses,  two  injections  are  made  in  the  two  columns, 
so  that  all  terms  on  the  right  hand  side  of  Equation  II-5D 
are  known.  Now  Equation  II-5D  can  be  handled  as  Equation 
II-2  . 

Very  accurate  analyses  can  be  obtained  by  the 
Internal  Reference  Method.  Table  A-II-3  shows  the  results 
of  the  analyses  of  a  sample  of  known  composition. 
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Table  A-II-2 


Constants  Obtained  From  Calibration 


Component 

2-Pentene 

Methyl  Ethyl  Ketone 
n-propanol 
Diethyl  Ketone 
Water* 


a 

b 

1.1019 

1.0313 

0.85028 

0.96120 

0.94686 

1.0443 

1.2309 

1.0521 

16.696 

1.0973 

* 


relative  to  2-pentene 


, 


il  £0.1 

Accuracy  of  Analysis  by  Internal  Reference  Method 
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Figure  A-ll-1  CALI  BRATION  OF  3-PENTANOL  ANALYSIS 
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II--11 


Figure  A- 1 1-2  CALIBRATION  OF  DIETHYL  KETONE  ANALYSIS 
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Wt.  %  of  3-  Pantano! 
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Peak  Area  of  D.E.K. 
Peak  Area  of  3-  Pentanol 


Figure  A-l  1-3  RELATIVE  THERMAL  RESPONSE  OF  DIETHYL  KETONE 
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II-2A  External  Reference  Method  -  Use  reference  com¬ 
ponent  which  is  present  in  the  sample. 

The  major  component  is  usually  chosen  as  refer¬ 
ence,  e.g.  3-pentanol.  The  following  is  the  procedure 
of  this  method. 

(a)  Original  sample  is  analyzed. 

(b)  Known  weight  of  3-pentanol  is  added  to  known  weight 
of  sample  and  this  new  sample  is  then  analyzed. 

(c)  Four  equations  are  obtained. 


X. 

1 
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ii 
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h  JH- 
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H 

X  i 

i 

X  * 
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A.  ' 

f  i  ^A^ 
r 

(II-7) 

X.  ' 

i 

P  X 

P  +  Q  i 

( 1 1  —  8 ) 

Y  ' 

P  X  +  100 
r 

Q 

( II-9 ) 

A 

r 

P  +  Q 

X. 

1 

=  wt.  %  of 

component  i  in 

the 

original 

sample 

X 

r 

=  wt.  %  of 

3-pentanol  in 

the 

original 

sample 

X.  ! 
l 

=  wt*  %  of 

component  i  in 

the 

new  sample 

X  ' 

r 

=  wt.  %  of 

3-pentanol  in 

the 

new  sample 
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P  =  wt.  of  original  sample 
Q  =  wt.  of  3-pentanol  added 


A. 

l 

thermal  response  of  component  i  in  original 

s  amp le 

A 

r 

thermal  response  of  3-pentanol  in  original 

sample 

A.  '  = 

l 

thermal  resonse  of  component  i  in  new  sample 

A  '  = 
r 

thermal  response  of  3-pentanol  in  new  sample 

(d)  The  functions  f^'s  are  determined  by  using  synthetic 
mixtures  in  the  same  way  as  in  the  Internal  Reference 
Method „ 

Substituting  Equations  (II-8)  and  (II-9)  in  Equation  (II-7) 


we  have 

X. 

i 

P  X  +  100  Q  A. ' 

- - -  f  (~h-)  ( II- 10 ) 

P  1  r 

Substituting  Equation  (11-10)  in  Equation  (II-6) ,  we  have 


X 

r 

100  Q  f  (A. ' /A  ' ) 

- i - - - - -  (II-ll) 

P[f,  (A./A  )  "  f .  (A.  '/A  '0 

L- 1  3/  r  l  l  '  r  -1 

(e)  Once  is  known,  all  ' s  can  be  calculated  by 
Equation  (11-10)  or  Equation  (II-6) . 

II-2B  External  Reference  Method  -  Use  reference  component 
which  is  not  present  in  the  sample. 


. 


'  . 
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(a)  Known  weight  of  reference  component  is  added  to 
known  weight  of  sample. 

(b)  This  new  sample  is  then  analyzed. 

(c)  The  functions  f ^ 1 s  are  determined  by  synthetic 
mixtures  containing  the  reference  component. 

(d)  Two  equations  are  obtained 


X.  ' 
1 

jT1* 


A.  ' 

=  fi  (A^ 


(II-12) 


X.  =  X. 
l  l 


,  P  +  Q 


(II-13) 


where  P  = 
Q  = 


wt.  of  original  sample 
wt.  of  reference  added 


X  '  - 
r 


=  wt.  %  of  reference  in  new  sample 


100  Q 
P  +  Q 


% 


From  equations  (11-12)  and  (11-13) ,  we  have 


A 


y  -  100  Q  -f  /  i  \ 

l  P  l  (A  '  ' 


(11-14) 


(e)  Then  all  X^ ' s  can  be  calculated  by  Equation  (11-14). 
II- 3  Comparison  of  the  Methods 

(a)  Methods  II-l  and  II-2B require  one  analysis  (one 

injection)  for  a  sample,  while  Method  II-2A  require 
two  analyses  (two  injections)  for  a  sample. 


Jq.  .3  ,  '  1 

;  ■  ,  \ C  ■  '’>t  >  ■  ' 


c  •£>[■  s>w  t  (€1-1 i)  bnj;.  .£  -i:  )  ’  ic  mo  -  a 
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(b)  In  both  External  Reference  Methods,  the  samples 
have  to  be  diluted  with  reference  component. 

This  procedure  is  more  prone  to  error  because  of 
more  handling  of  the  sample. 

(c)  Internal  and  External  Methods  of  analysis  give 
approximately  equal  accuracy.  A  comparison  of 
analyses  by  both  methods  is  given  in  Table  A-II-4. 
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APPENDIX  III 


EXPERIMENTAL  CONDITIONS 


I 


1 


III-l 


Table  A-III-1 


Experimental  Conditions 


Run 

No. 

Catalyst 
Wt.  (gm) 

Feed 

Rate 

(gm/hr) 

Reaction 
Temp . 
(°C) 

Atm. 
Press . 
(cm  Hg) 

Room 
Temp , 

(°C) 

Gas 

,  Sample 
(1/hr) 

Liquid 

Sample 

(gm/hr 

1 

Glass 

8.5626 

376.8 

70.88 

23.5 

0.0 

8.5591 

2 

Glass 

8.5626 

413.5 

70 . 88 

23.0 

0.0 

8.5557 

3 

Glass 

8.5626 

473.7 

71.00 

27.0 

0.0 

8.5608 

4 

3.0805 

4.2842 

349.8 

70.27 

24.5 

0.3810 

4.2387 

5 

3.0805 

4.2842 

374.0 

70.22 

23.0 

1.6068 

4.1741 

6 

3.0805 

4.2842 

401.3 

69.90 

25.0 

1.9459 

4.0275 

7 

3.0805 

4.2842 

426.8 

70.22 

23.0 

2.2737 

3.8626 

8 

3.0805 

4.2842 

452.2 

69.90 

24.4 

2.5714 

3.7298 

9 

0.9254 

4.2842 

370.2 

70.64 

24.4 

0.3007 

4.2592 

10 

0.9254 

4.2842 

370.3 

70.64 

24.4 

0.3048 

4.2589 

11 

0.9254 

4.2842 

369.8 

70.40 

24.0 

0.2952 

4.2597 

12 

0.9254 

4.2842 

370.0 

70.40 

24.0 

0.2962 

4.2596 

13 

4.4077 

4.2842 

370.1 

69 . 80 

25.6 

0.6072 

4.1518 

14 

4.4077 

6.4234 

370.0 

70.52 

26.0 

0.7918 

6,2310 

15 

4.4077 

8.5626 

369.9 

69.80 

25.7 

0.9553 

8.3625 

16 

4  o  40  77 

12.8234 

370.0 

70.52 

26.0 

1.1760 

12.6120 

17 

4.4077 

17.0843 

370.0 

69 . 80 

26.0 

1.3616 

16.8788 

18 

4.4077 

25.5995 

370.0 

70.52 

26.0 

1.4686 

25.4172 

19 

4.4077 

34.1147 

369.8 

69.80 

25.6 

1.8278 

33.8956 

20 

2.2045 

4.2842 

370.0 

69.72 

27.7 

0.5026 

4.1504 

21 

2.2045 

8.5626 

370.0 

69.72 

28.0 

0.7432 

8.4123 

22 

2.2045 

17.0843 

369.8 

69.72 

28.9 

0.8566 

16.8380 

23 

2.2045 

34.1147 

369.8 

69.72 

29.0 

1.0826 

33.9512 

24 

1.4977 

12.8234 

370.3 

70.15 

26.0 

0.5855 

12.7659 

25 

1.4977 

17.0843 

370.0 

70.15 

25.7 

0.6165 

17.0153 

26 

1.4977 

25.5995 

369.8 

70.15 

26.0 

0.7008 

25.5233 

27 

1.4977 

34.1147 

370.1 

70.15 

25.1 

0.7323 

34.0447 

28 

1.0022 

12.8234 

370.3 

70.05 

26.1 

0.4332 

12.7792 

29 

1.0022 

17.0843 

370.0 

70.05 

25.7 

0.4626 

17.0277 

30 

1.0022 

25.5995 

369 . 7 

70.05 

26.0 

0.5271 

25.5480 

31 

1.0022 

34.1147 

369.8 

70.05 

25.2 

0.5488 

34.0619 

32 

1.0020 

12.8234 

370.1 

70 . 15 

26.1 

0.4380 

12.7365 

33 

1.0020 

25.5995 

370.2 

70.15 

26.0 

0.5348 

25.5254 

34 

1.0020 

12.8234 

370.0 

70.05 

26.0 

0 . 4297 

12.7593 

35 

1.0020 

25.5995 

369.7 

70.05 

26.2 

0.5305 

25.5328 

36 

1.0022 

12.8234 

369.6 

70.12 

26.4 

0.4328 

12.7682 

37 

1.0022 

25.5995 

370.2 

70.12 

26.5 

0.5285 

25.5420 

38 

1.0022 

12.8234 

370.0 

70.14 

26.3 

0.4250 

12.7582 

39 

1.0022 

25.5995 

370.3 

70.14 

26.3 

0.5250 

25.5308 

40 

1.0023 

12.8234 

370.0 

70.02 

26.0 

0.4329 

12.7682 

41 

1.0023 

17.0843 

370 . 4 

70.02 

26.1 

0.4632 

17.0195 

42 

1.0023 

25.5995 

370.2 

70.02 

26.0 

0.5273 

25.5368 

43 

1.0023 

34.1147 

369.7 

70.02 

25.5 

0.5487 

34.0584 

44 

1.0023 

12.8234 

370.3 

70.25 

24.2 

0 . 4328 

12.7785 

45 

1.0023 

12.8234 

370.0 

70.25 

24.0 

0.4330 

12.7800 
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Table  A-III-2 
Catalyst  Bed  Temperatures 


Bed  Catalyst  -  Bed  Temp.  Temp.  Ave .  Bed. 
Height  Top  Center  Bottom  Diff.  Temp. 


(cm)  (°C)  (°C) 


- 

- 

376.8 

- 

— 

413.5 

- 

- 

473.7 

5.1 

351.6 

349 . 8 

ii 

— 

374.0 

it 

406.4 

401.3 

ti 

- 

426.8 

ii 

458.4 

452.2 

1.5 

370.6 

370 . 2 

II 

— 

370.3 

II 

— 

369.8 

II 

370.5 

370.0 

7.3 

373.8 

370.1 

II 

— 

370.0 

II 

373.1 

369.9 

II 

- 

370.0 

It 

373.0 

370.0 

II 

— 

370.0 

It 

372.8 

369.8 

3.6 

373.0 

370.0 

II 

— 

370.0 

II 

— 

369.8 

II 

372.0 

369.8 

2 . 5 

370.7 

370.3 

II 

370.5 

370.0 

II 

370.3 

369.8 

It 

370.2 

370.1 

• 

1 — 1 

370.6 

370.3 

II 

370.4 

370.0 

II 

370.0 

369.7 

II 

370.0 

369.8 

II 

370.5 

370.1 

II 

— 

370.2 

II 

— 

370.0 

II 

370.6 

369.7 

II 

370.0 

369.6 

It 

— 

370.2 

II 

— 

370.0 

II 

370.5 

370.3 

II 

370.4 

370.0 

II 

370.5 

370.4 

II 

370.4 

370.2 

II 

370.0 

369.7 

(°C)  (°C) 


- 

- 

- 

345.6 

o 
l  • 

«x> 

349.0 

391.5 

14.9 

399.7 

441.3  17.1  450.6 


369.4 

1.2 

370.1 

369.5 

1.0 

370.0 

360.2 

13.6 

368.0 

361.0 

12.1 

368.0 

362.4 

10.6 

368.5 

363.0 

9.8 

368.5 

369.2 

3.8 

370.7 

369.5 

2.5 

370.4 

369.6 

1.1 

370.2 

369.5 

1.0 

370.0 

369.5 

0.8 

369.9 

369.6 

0.6 

370.0 

369.8 

0.8 

370.2 

370.0 

0.4 

370.1 

369.5 

0.5 

369.7 

369.6 

0.4 

369.8 

369.8 

0.7 

370.1 

369.7 

0.9 

370.0 

369.2 

0.8 

369.6 

369.7 

0.8 

370.2 

369.4 

1.0 

369.9 

369.6 

0.9 

370.2 

370.0 

0.4 

370.2 

369.5 

0.5 

369.7 

' 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 
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26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 
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43 

44 

45 
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Table  A-IV-2 

Gas  Product  Analyses ,  Mole  % 


Hydrogen 

Methane 

Ethylene 

2-Pentene 

99.6804 

0.0465 

0.0209 

0.2522 

96.6712 

0.1195 

0.0521 

3.1573 

96.4051 

0.1606 

0.0564 

3.3378 

96.1820 

0.3497 

0.1072 

3.3612 

94.2997 

0.8279 

0.2680 

4.6044 

99.6778 

0.1036 

0.0 

0.2186 

99.6890 

0.0945 

0 . 0 

0.2165 

99.6819 

0.0891 

0.0 

0.2290 

99.7080 

0.0804 

0.0 

0.2116 

99.5401 

0.0809 

0.0227 

0.3564 

99.6924 

0.0894 

0.0232 

0.1950 

99.7011 

0.0790 

0.0194 

0.2006 

99.7473 

0.1081 

0.0209 

0.1238 

99.7088 

0.1241 

0.0233 

0.1438 

99.6071 

0.2599 

0.0279 

0.1052 

99.5778 

0.2832 

0.0306 

0.1084 

99.7883 

0.0782 

0.0159 

0.1176 

99.7426 

0.0850 

0.0180 

0.1544 

99.7115 

0.1680 

0.0207 

0.0997 

99.3799 

0.5318 

0.0241 

0.0642 

99.6526 

0.1768 

0.0 

0.1706 

99.6190 

0.3052 

0.0 

0.0759 

99.6143 

0.2736 

0.0 

0.1121 

99.2594 

0.6460 

0.0 

0.0946 

99.7325 

0.1721 

0.0 

0.0953 

99.6722 

0.2494 

0.0 

0.0784 

99.6322 

0.3136 

0.0 

0.0542 

99.7211 

0.2543 

0.0 

0.0246 

99.7315 

0 . 1729 

0.0 

0.0955 

99.6221 

0.3246 

0.0 

0.0532 

99.7231 

0.1768 

0.0 

0.1001 

99.6447 

0.3019 

0.0 

0.0533 

99.7454 

0.1625 

0.0 

0.0922 

99.6176 

0.3259 

0.0 

0.0565 

99.7551 

0.1558 

0.0 

0.0891 

99.6365 

0 . 3107 

0.0 

0.0528 

99.7322 

0.1720 

0.0 

0.0957 

99.6721 

0.2495 

0.0 

0.0784 

99.6320 

0.3137 

0.0 

0.0543 

99.7209 

0.2544 

0.0 

0.0246 

99.7388 

0.1677 

0.0 

0.0935 

99.7337 

0.1717 

0.0 

0.0947 

- 
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>«Se 


. 

.  0 


. 

j.O-r  » 
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30 


Component 

Area 

2-  Pentene 

6027 

Methyl  Ethyl  Ketone 

503 

n- Propanol 

2259 

Diethyl  Ketone 

229867 

3-  Pentanol 

791379 

c: 

o 


10 


n-  Propanol 
methyl  Ethyl  Ketone 


2-  Pentene 


0 


Inject  Sample 


Figure  A-IV-1  CHROMATOGRAM  FOR  LIQUID  ANALYSIS 
Di-n-decyl  PHTHALATE  ON  CELITE  COLUMN 


IV-6 


Elution  time  -  minutes 

Figure  A- 1 V-2  CHROMATOGRAM  FOR  LIQUI D  ANALYSI S  PORAPAK  COLUMN 


Inject  Sample 


IV- 7 


sain mw  -  aunj  uoj;n|3 


Figure  A-IV-  3  CHROMATOGRAM  FOR  GAS  ANALYSIS  Di- n-decyl  PHTh'ALATE 

ON  CEL1TE  COLUMN 


Methane 


IV-8 


CD 


Elution  time  -  minutes 

Figure  A-IV-4  CHROMATOGRAM  FOR  GAS  ANALYS I S  CHARCOAL 


COLUMN 


. 


» 


IV- 9 


Table  A- IV- 3 

Retention  Times  of  Components 


I .  Liquid  Sample 

A.  Phthalate  Column  Retention  Time  (min.) 

2- Pentene  2.8 

Methyl  ethyl  ketone  7.0 

n-Propanol  8.0 

Diethyl  ketone  13.4 

3- Pentanol  17.0 

Bo  Porapak  Column 

Water  1.2 

2- Pentena  1.8 

Methyl  ethyl  ketone  4.4 

n-Propanol  4.8 

Diethyl  ketone  6.6 

3- Pentanol  7.0 

II .  Gas  Sample 

A.  Phthalate  Column 

Ethylene  2.3 

2-Pentene  5 . 3 

Bo  Charcoal  Column 

Hydrogen  2.5 

Air  4.5 

Methane  10.0 


i£> 
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APPENDIX  V 


DERIVATION  OF  RATE  EQUATIONS 


V-2 


I.  Single  Site 

Mechanism 

A. 

Dehydrogenation 

(1) 

A  +  1 

kl 

A1 

Ski' 

ri 

(2) 

Al 

k2 

- ^  Kl  +  H 

'k2' 

r2 

(3) 

Kl 

k3 

- ^  K  +  1 

v  k  ' 

K3 

r3 

where 

A  = 

3-pentanol 

K  = 

diethyl  ketone 

H  = 

H2 

1  = 

active  site  for 

dehydrogenation 

Ki 

ki 

ki 

CA1 

PAC1 

(I-A-l) 

K2 

k2 

k2  1 

CK1PH 

CA1 

(I-A-2) 

K3 

k3 

k — r 

k3 

PKC1 

CK1 

(I-A-3) 

L 

=  Cx  + 

CA1  +  CK1 

( I-A-4 ) 

(a)  Adsorption  Controlling 

Assuming  step  (1)  is  slow  while  steps  (2)  and  (3) 
attain  steady  state  or  equilibrium. 

r2  =  r3  =  ° 

rK  =  rl  =  klPACl  -  VCA1  (I-A'5) 


1 


X°A'3.  * 


V-  3 


Combining  Equations 
Cl'  CA1'  CK1  and  kl 


(I-A-l)  to 
,  we  have 


(I-A-5) 


to  eliminate 


klL  ^PA  PKPH//K1K2K3^ 

d  +  PkPH^K2K3  +  pK//R3) 


(I-A-6) 


Since  surface  reaction  is  irreversible,  =  00  and  L, 
the  total  concentration  of  active  sites,  is  assumed 
constant,  Equation  (I-A-6)  can  be  written  as 


k  Pa 

(l  +  kkpk) 


(I-A-7) 


(b)  Surface  Reaction  Controlling 


Assuming  step  (2)  is  slow  while  steps  (1)  and  (3)  attain 
steady  state  or  equilibrium 


r 


1 


0 


rK  =  r2  =  k2CA1  -  k2-  CR1PH 


(I-A-8) 


Comb ini 
(I-A-8) 


ng  Equations  (I-A-l)  to  (I-A-4) 
to  eliminate  C^,  C  ^ ,  C^  and  k 


rK  = 


k2Kl  L  (pA  PKPH//K1K2K3) 

(1  +  Kxp  +  PkA3) 


and  Equation 
2  1  ,  we  have 


(I-A-9 ) 


Applying  the  same  assumption  as  in  (a) ,  Equation  (I-A-9) 
can  be  simplified  to  give 


* 


1 


V-  4 


r  =  - - -  (I-A-10) 

(i  +  kapa  +  kkpk) 

(c)  Desorption  Controlling 


rK 

r  3 

k3  CK1  "  k3 '  PKC1 

(I-A- 

Combining 

Equations  (I 

-A-l)  to  (I-A-4)  and 

Equation 

(I-A-ll) 

to  eliminate 

Cl'  CA1 '  CK1  and  k3 ' ' 

we  have 

k3 

L  KlK2 

^PA  “  PKPH^K1K2K3^ 

rK 

PH 

•  (1  + 

K1PA  +  K1K2  PA/PH> 

K  PA 

(I-A- 

PH 

(1  +  K 

APA  +  KAH  PA^PH* 

B.  Dehydration 

(1)  A  +  1 

it 

*7 

Al 

ri 

(2) 

Al 

k2  s 
'sZr 

W1  +  P 

r2 

(3) 

W1 

*3, 

V 

W  +  1 

r3 

where 

A  = 

3-pentanol 

W  = 

Water 

P  = 

2-pentene 

1  = 

active 

site  for  dehydration 

. 


'I 


' 


V-5 


k  ' 
K2 


k  r 

K3 


^A1 

( I-B-l) 

PAC1 

CW1PP 

( I-B-2 ) 

c 

UA1 

pwci 

(I-B-3) 

r 

Wl 

c  +  c 

Al  Sfl 

(I-B-4) 

The  rate  equations  are  derived  similarly  to  the  proce¬ 
dure  in  A. 


(a)  Adsorption  Controlling 

r  =  L  (pA~pPpft/KlK2K3^ 

+  PpP^'^'2'^3  +  pW^k3^ 
k  Pa 

(1  +  VJ 

(b)  Surface  Reaction  Controlling 

r  _  k2  K1  L  ^PA~PWPP//K1K2K3^ 
P  (1  +  K1pA  +  pW/K3> 

_  k  PA 

(1  +  Kapa  +  Kwpw) 


(I-B-5) 


(I-B-6) 


(c)  Desorption  Controlling 


k3  L  K1K2  (pA~pWpP//K1K2K3  ^ 

pP(1  +  K1pa  +  K1K2  pA/pP> 


1 


V-6 


II 


k  p 


A 


Ppd  +  K,Pa  +  Ka^  Pt/Pd) 


A^A  Ap  ^A/rP' 


Dual  Sites  Mechanism 


A.  Dehydrogenation 


(1) 


A  +  1  - ^ 

TTT7" 


Al 


k2 

(2)  Al  +  1  - ^ 


Kl  +  HI 


(3)  Kl 


(4)  HI 


k4  v 

rF7r 


K  +  1 


H  +  1 


K 


1 


K. 


1 


v  ' 

K1 


k  ' 

K2 


Al 

PAC1 

CK1  CH1 

CA1C1 


K. 


K 


k — r 

K3 


k  ' 

K4 


fkci 

CK1 

PHC1 

CH1 


C1  +  CA1  +  CK1  +  CH1 


(I-B-7) 


(II-A-1) 

(II-A-2) 

(II-A-3 ) 

(II-A-4 ) 

( II-A-5 ) 


I  4-  k 


I  '  >t 


! 


V-7 


(a)  Adsorption  Controlling 


r 2  r3  r4  ”  0 


r^  is  slow 


rK  klPACl  kl'  CA1 


(II-A-6) 


Combining  Equations  (II-A-1)  to  (II-A-6)  to  eliminate 
Cl'  CA1'  Ck1 '  CH1  and  ki’'  we  have 


rK  = 


kI  L  (pA  ~  PKPh/K1K2K3K4) 

(1  +  PhpK/,K2K3K4  +  ^K^K3  +  pH^K4^ 


(II-A-7) 


Since  surface  reaction  is  irreversible,  =  °°  and  L  is 
assumed  constant.  Equation  (II-A-7)  can  be  simplified  to 


give 


k  p 


rK  = 


A 


(1  +  KRpK  +  krph) 


(II-A-8) 


(b)  Surface  Reaction  Controlling 


is  slow 


rl  =  r3  =  r4  =  0 


rK  ”  r2  -  k2  CA1  C1  k2 '  CK1  CH1 


(II-A-9 ) 


Combining  Equations  (II-A-1)  to  (II-A-5)  and  Equation 


L 


(  8  ^  -  I  ) 


V-  8 


(II-A-9)  to  eliminate  C± ,  CAl ,  CR1  CR1  and  k. 


rK  = 


k2  Kx  L  (PA-PKPH/K1K2K3K4) 
(l  +  K1  PA  +  pk/k3  +  ph/k4) 


Since  =  °°  and  L  =  constant 


k  p. 


K 


(!  +  kapa  +  KRpK  +  KRpH) 


(c)  Desorption  of  Ketone  Controlling 


r^  is  slow 


rl  =  r2  =  r4  =  0 


rK  r -3  k-3  '  Pv  C 


3  Kl 


■3  W1 


Again,  combining  Equations  (II-A-1)  to  (II-A-5 
Equation  (II-A-12),  we  have 


rK  = 


k3  K1K2K4  L  (pA  PKPH//K1K2K3K4  ^ 

ph  (1  +  kiPa  +  k1k2k4pa/ph  +  ph/k4) 


k  P; 


rK  = 


PR  (1  +  K^pa  +  Katf  pa/pn  +  K^p^) 


A^A  AH  ^A'  H 


H^H 


B .  Dehydration 


' ,  we  have 

(II-A-10) 

(II-A-11) 


(II-A-12) 

)  and 

(II-A-13 ) 

(II-A-14 ) 


The  rate  equations  for  dehydration  are  derived  in  a  way 


1 


. 

■ 0  “  s*  “  s’  =  ^ 

nojiSfiJu;. 


V-9 


similar  to  dehydrogenation 


(1)  A  +  1 


kl 


^  Al 


(2)  Al  +  1  — s-i  W1  +  PI 

^2r 


(3)  W1 


Tv 


W  +  1 


(4)  PI 


— r 


P  +  1 


(a)  Adsorption  Controlling 


k  p 


A 


(1  +  KWPW  +  KpPp' 


(II-B-1) 


(b)  Surface  Reaction  Controlling 

k  Pa 


(1  +  KAPA  +  KWPW  +  KPPP) 


(II-B-2) 


(c)  Desorption  of  Water  Controlling 


k  P ; 


rF  = 


PP  (1  +  KAPA  +  KAPPA/PP  +  KPPP> 


(II-B-3) 


_ 


,  ' 

I  +  i 

APPENDIX  VI 


PRESSURE  DROPS  ACROSS  CATALYST 
SURFACE  AND  AMBIENT  GAS  STREAM 


VI-2 


To  test  whether  the  partial  pressures  in  the  bulk 
gas  stream  can  be  replaced  those  at  the  catalyst  surface 
to  correlate  the  rate  data,  the  pressure  drops  across  the 
stagnant  film  are  estimated  by  the  method  of  Hougen  et  al 
(48)  . 

In  this  method,  the  ratio  of  pressure  drops  and 
partial  pressures  in  the  ambient  gas  stream  were  correla¬ 
ted  with  a  dimensionless  group. 


r  . 


*  gm  yj 


f  (X) 


(VI-1) 


where  Ap . 


r  . 
3 


pressure  drop  of  component  j  across  the 
stagnant  gas  film. 

partial  pressure  of  component  j  in  the 
bulk  gas  stream. 

reaction  rate  of  component  j ,  gm-mole 
per  gm  of  catalyst  per  hour. 

2 

surface  area  of  catalyst  particle,  cm  /gm. 
shape  factor 

molal  mass  velocity  of  gas  based  on  the 
total  cross  section  of  bed,  gm-mole  per 
cm^  per  hour. 

mole  fraction  of  component  j  in  bulk  gas. 
function  (a  graph  in  Figure  2  in  Hougen 


et  al .  ( 48 ) ) . 


I  I  I  I-  lot) 


J  ' ;  ,  c  -  .  1  .•*  '  >:.  "  -•«*.  /;o  +  ;  :o'- 

'*  ••  I  ■•  , 


VI-3 


The  pressure  drops  of  the  components  in  experiment¬ 
al  runs  24  and  31  which  had  the  slowest  and  fastest  flows 
of  gas  respectively  are  estimated  by  using  the  following 
data . 

a  =  2.6370  x  10“  cm^/gm 

m  3 

<p  =  0.90  (for  irregular  granules) 

2 

S  =  0.7854  cm  (cross  section  of  catalyst  bed) 

The  dimensionless  groups  in  equation  (VI-1)  are  calculated 
by  using  the  data  in  Table  VI-lf  and  the  corresponding 
pressure  ratios  are  read  (from  Figure  2  in  (48)).  The 
results  obtained  are  shown  in  Table  VI.  It  is  obvious  that 
the  pressure  drops  are  negligible. 
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Pressure  Drops  Across  Catalyst  Surface  and  Ambient  Gas  Stream 
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APPENDIX  VII 


GAS  FEEDING 


SYSTEM 


VII-2 


Gas,  such  as  nitrogen,  from  a  cylinder  was  fed  through 
a  pressure  regulator  to  an  up  stream  cooling  coil  and  then 
to  a  small  brass  critical  flow  orifice.  Both  the  cooling 
coil  and  critical  flow  orifice  were  immersed  in  an  ice- 
water  bath  to  maintain  constant  temperature.  The  pressure 
ratio  across  the  critical  flow  orifice  was  set  at  approxi¬ 
mately  15  to  1  with  up  stream  pressure  of  200  psig  and  down 
stream  pressure  of  about  atmospheric  pressure.  Under  these 
conditions,  critical  flow  was  established,  giving  a  constant 
flow  rate  of  nitrogen.  Gas  from  the  critical  flow  meter  was 
finally  fed  to  the  vaporization  unit.  Different  flow  rates 
could  be  obtained  by  changing  the  orifice  plates. 

In  the  present  work,  the  smallest  orifice  of  0.004  inch 
in  diameter  still  gave  a  flow  rate  of  nitrogen  too  high  for 


the  reactor. 


re. .  >  nc  £, 
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APPENDIX  VIII 


NUMERICAL  DIFFERENTIATION 


13  (23  MAY  67) 


0  S / 3  6  0  FORTRAN  H 


COMPILER  OPTIONS  -  NAME=  M A  IN ,OPT=0 2 , L I NECNT=59 , SOURC E , EBCD I C , NOL I  ST, 


iN  UU  C 


0002 


0003 


0004 

0005 
00n6 
00r  7 
0008 
0009 


0010 

0011 

0012 

0013 

0014 

0015 


0025 
0  0  26 
0027 


00  2  8 
002  9 
0  0  30 
[  0  031 
0032 
00  33 


0034 
0035 
0036 
003  7 
[i  0039 
0040 


9Q4  1 
I  0° 42 
J  00  43 
|  ^^44 
0045 
0046 


NUMERICAL  DIFFERENTIATION 


C 

C 

C 

C 


DIMENSION  ,  AX  {  1  00  )  ,  A  Y  (  10,  100)  ,  ACC(  10,10,10  )  ,  YY<  10^00  )  ,X(501  ,Y(50)  , 
1C ( 59  )  , CC ( 501 i AXX ( 1Q0) , XAX(50) ,YAY( 10, 50 ) ,  YA  YP (10,50) 

READ  (5,190)  M , N , L , NNN 
M  IS  NG.  f'F  CURVES 
N  IS  NO •  OF  POINTS  PER  CURVE 
L  IS  NO.  OF  POINTS  PER  SEGMENT  OF  CURVE 
NNN  IS  NO,  OF  POINTS  TO  BE  GENERATED 


100 

101 

104 


FORMAT  (412) 

READ  (5,101)  (AX( J) , ( AY(  I  ,J) ,I=L,M) ,J=1,N) 
FORMAT  (4F1C.4) 

READ  (5,104)  XXX, AXX( 1 } , DX 
FORMAT  (3E10.6) 

WR  I  TE  (A, IP 2)  M,N,L,NNN 


102 

6JJ0 

103 


FORMAT!  *  1  «  ,  15 X,  »M=*  ,  13 ,5X,  *N=»  ,  13 ,5X,  »L=*  ,  13, 5X,  •  NNN=  •  ,  I  3/7/') 
WRITE  (6,600) 

FORMAT  (  *C  ,  15X, •  1/S. V. •  , 16X,4  F (P) • ,16X,* F( K) *  , 16X , « F ( A) « ) 
WRITE  (6,103)  ( AX( J)  ,  ( AY{  1  ,J)  ,  1=1  ,M)  , J=l,N) 

FORMAT  ( , 10X,F 10.4, 10X,F 12. 9,1  OX, F 12.9 ,1CX,F 12.9) 


0016 

0017 

0018 

601 

FORMAT  ( *C»  ,  13X,  'XXX=*  ,F10.6,5X, 
MP1  =  M+l 

DO  10  J  =  1  ,  N 

0019 

0020 

0021 

10 

AY ( MP 1 , J  )  =  1 . 0- A Y ( M , J ) 

NM2  =  N-2 

DO  20  1=1, MP1 

0022 

DO  20  J  =  1 , NM2 

0023 

LL  =  J-l 

0  12  4 

DO  40  K= 1 , L 

40 


Y(  K)  =  AY(  I  ,  K  +LL  ) 

CALL  POLFIT  (L,X,Y,C) 


5  C 
20 


CALL  COPQ LY  ( L  ,  X , C , CC ) 

DO  50  K= 1 , L 

ACC (  I , J,K)  =  CC (  K  ) 

CONTINUE 
MB  =  5 

DO  60  1=1, MP1 


XX  =  XXX 
J  =  1 

DO  70  J J=1 , NNN 

IF  ( XX.GT. AX<  J+l  )  )  GO  TO  BO 

YY (  I , J J  )  =  ACC (  I  , J,  1  ) 

DO  90  K=2  »  L 


90 


900 

901 


Y  Y (  1  ,  J  J  )  =  YY( I, jj)+ACCt  I  ,J,K)*XX**(K-1) 

X  A  X (  1 )  =  XX-2 .0*DX 

DO  90  0  K  J  =  2 , MB 

XAX(KJ)  =  XAX ( KJ-1 ) +  DX 

DO  901  KJ=1,MB 

Y A Y (  I , K  J  )  =  ACC (  I  ,  J  ,  1  ) 


902 


80 


DO  902  K J= 1 , MB 
DO  992  K=2,L 

YAY( I |KJ)~YAY< I , KJ)+ACC( 1 , J ,K) *XAX ( KJ ) **( K-l ) 
CALL  DIFFER  ( J J , I , MB , 0 X , Y A Y , Y A Y P ) 

GO  TO  70 
J  =  J+l 


GO  TO  1 
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t  J 

t  i- i 
j  t  f  - . 

{  J  +  l)  x/  =  (  *)> 

(  J t  )  •  =  I  IY 

,  t  A  t  } 

l  ,  t  )  V  J 

i ,  £*;•, 

1  J  JO  (a,CtI>  )A 
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0054 

70 

XX  =  XX+1.0 

0055 

60 

CONTINUE 

0056 

DO  92  J  J  =  2  » N N N 

0057 

92 

AXX(JJ)  =  AXX( JJ-1 ) +  1  .0 

005  8 

WRITE  (6,200) 

0059 

200 

FORMAT  ( ’ 1«  ,  14X, • 1/SV  ,15X, *  RATE(P)  * , 15X, ' RATE(K) 1  , 15X, 

'  1-FA*/// ) 

0*60 

WRITE  (6,201)  (AXX(JJ)  ,(YAYP{  I  ,  J  J )  ,1  =  1,2)  , Y  Y ( MP 1 , J  J ) ,JJ 

- 1 ,  NNN ) 

0061 

201 

FORMAT  ('  ' , 10X , F10.4 , 10X ,F12.9 , 10X,F12 .9 , LCX,F 12 . 9) 

*062 

STOP 

0*6  3 

END 

END  OF  COMPILATION  *** **  * 
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MAY  67) 

OS/ 360  FORTRAN  H 

COMPILER  OPTIONS  -  NAM  E  =  M AIN, OPT -02, LlNECNT-59, SOURCE, EBCDIC, NOLIST,  NODECK, 

00*2 

SUBROUTINE  POLE  I T  CN,X,Y,C) 

0003 

0004 

0005 

1" 

DIMENSION  X ( 5  0 )  , Y(50)  , A ( 5 0 , 50 ) , C ( 50 ) 

DO  10  1=1, N 

A  (  1  ,  I  )  =  Y  (  I  ) 

6  006 
0007 
00*8 

NN  =  N-l 

00  20  1=1, NN 

L  =  N-I 

0009 

0010 

0011 

20 

DO  20  J  =  1  ,  L 

A(I  +  1,J)  =  (A(I,Je1)-A(I,J)  )/(X( I  +  J  )  -  X  (  J  )  ) 

DO  30  1=1 » N 

0012 

0013 

0014 

30 

C  (  I  )  =  A  (  I  ,  1  > 

RETURN 

END 

END  OF  COMPILATION  ****** 
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05/360  FORTRAN  H 

COMPILER  OPTIONS  -  NAM  E=  M  A  IN , OPT  =  0  2 ,  L  I  NECNT=59  ,  SOURCE  ,  EBCD  I  C  ,  NOL  I  ST,  NOOECK  , 

N  0002 

SUBROUTINE  COPOLY  (N,X,C,CC) 

VJ  0003 

DIMENSION  X(50) ,C(50) , At  50,50) ,CCt 50) 

N  0004 

DQ  10  I  =  1  »  N 

N  0005 

10 

At  I  ,  II  =  1.0 

SI  0006 

DO  20  J  =  2  »  N 

N  0007 

20 

A (  1  ,  J  )  =  At  It  J-l )*< -XI J-l )  ) 

SI  0008 

DO  30  J=3»N 

Si  0009 

K  •=  J-l 

M  0010 

DO  30  I =2  f  K 

V  0011 

3°> 

A  (  I  »  J )  =  At  1-1, J-l)  +  {-Xt J-1J )*At I ,J-1) 

si  0012 

DO  40  I  =1  »  N 

y  0013 

DO  4°  J=I ,N 

i  0014 

40 

A  (  I  »  J  )  =  C  t  J ) *A  (  I  »  J  ) 

^  0015 

DO  50  I  =  1,N 

si  0016 

C  C (  I )  =  0.0 

i  0017 

DO  50  J=I,N 

Si  0018 

50 

CC  (  I )  =  CC (  I }  + A  {  I »  J ) 

si  0  019 

RETURN 

vi  00  2n 

END 

^ 


t 


1  IT)  W  A 


, 

»  >  r  ) 

t  »  l  )  t  l  •  ( 

l  (  -  )  ~  i  '  - 

,  -  ,  * ,  if  -  L  -)»(■- L  . 

(  L  •  ) 


.  i  =  i  *  : 

(I t  i  )  » 

,  t 

<  L  t  ) 

.  -  i 

r  - 1  -  / 

, 

:  I.  »  ■  ) 

.  I 

!  .  *  I  > 

r  I  ' 

t  I  ! 

(  } 

t 

Y  I 

l  !  ) 

bi 

13  (23  MAY  67) 


GS/36r  FORTRAN  H 


COMPILER  OPTIONS  -  NAM  t=  MA  IN ,OPT=Q 2 , L I NECNT=59 , SOURCE , EBCDI C ,NOL I  ST,  NODECK , 


si  0002 
i  0003 
>i  0C04 

SUBROUTINE  DIFFER  ( J J  ,  I , MB , DX , Y AY , Y AYR ) 

DIMENSION  Y  AY  I  1 0 , 50 )  , YA YP (  10 , 50 ) , CX (1 0 ) 

CX  <  1 )  ■=  -2.0 

vj  0005 

vl  0^06 

vi  r  0  0  7 
vi  0008 

i  0009 

vi  0010 

DO  1C  J  =  2  y  MB 

io  cxi  j)  =  cxi  j-n  +  i.o 

SUM  =  O.o 

DO  20  J=1,MB 

20  SUM  =  SUM+CXI  J)*YAYU  ,  J) 

YAYP(I.JJ)  =  SUM/ ( 10.0*DX  ) 

Vi  0011 
i  0012 

RETURN 

END 

*  ENO  OF 

COMPILATION  *  * * *  *  * 

13  123 

MAY  67)  GS/360  FORTRAN  H 

COMPILER  OPTIONS  -  NAME=  M A  IN ,GPT=02 , L I NtCNT=59 , SQURC E , EBCDI C »NOL I  ST, NODECK , 


,  •  I  J  • 


.  IT  J  /  n  •  ' 


1 1  ,  )  ,  <  ) 

.  -  -  m  .) 

t  c  -  L 

.  (i  -  )  -  (  .  :• 

. 

,  ,  •  r  (  )  • 

(  .  ■  !  \  (lit) 

SJO< 


Hi  Y  '  •  ) 

,  -  l  ,  .  -  I  i 


M=  3 

N=  11  L=  3 

NNN=  10 

1/S. V. 

F(P) 

Ft  K> 

Ft  A) 

1.0000 

0 . 0 0G840000 

0.020299997 

0.021599997 

2.0000 

0.001620000 

0.039099999 

0.041599996 

3.0000 

0. 002310000 

0.056669999 

0.059899997 

4 . onon 

0.002900000 

0. 072999954 

0.076999962 

5.0000 

0 .003420000 

0.08859998r' 

0.093099952 

6 . non  o 

0 . O0386CG00 

0.  102499962 

0.  10779994 7 

7.0000 

0.004229996 

0.  115300000 

0.  121299982 

8.0000 

0 • 004559997 

0. 127099  991 

0.  133299947 

9.0000 

,  0.004849996 

0.  13  7599945 

0.  144099951 

1C. 0000 

0.005109999 

0.147099972 

0. 153699994 

1  1.0000 

0. 005339999 

0.  155599952 

0.16209995 7 

xxx= 


1 . 000000 


AXX (  1 ) =  1.000000 


DX=  0.010000 
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ft 
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ft 
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=  \  J 
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1/SV 


RATE  1 P ) 


l-r  A 


RATE (K  ) 


1,0000 

2 . 0000 
3.0000 

0. 000824970 
0.000734977 
0.^00640005 

C. 019399341 

0. 018199090 

C.r 16946796 

0.978400052 

0 • 9584000 1 1 
0.940100014 

A. 0000 

0.000555031 

0.015948419 

C. 923000038 

5.00^0 

0. 000480004 

0.014749769 

0. 906899154 

6.0000 

0.000404976 

0.013350252 

0. 892200053 

7.0000 

0.000349991 

0.0123r1210 

0 . 87  86  99o99 

8. 0000 

0.000309944 

0.011148456 

0.866700053 

9.0000 

C. 000275038 

0.009999275 

0.855900049 

10.0000 

r. 00024493 8 

0.008998513 

0.846300006 
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